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The Exact Limits and Improved Decay Estimates
for All Order Derivatives of Global Weak Solutions
of Three Incompressible Fluid Dynamics Equations

Linghai Zhang"'

Abstract First of all, the author accomplishes the exact limits for all order
derivatives of the global weak solutions of the n-dimensional incompressible
magnetohydrodynamics equations, the n-dimensional incompressible Navier-
Stokes equations and the two-dimensional incompressible dissipative quasi-
geostrophic equation. Secondly, by making use of the exact limits, he estab-
lishes the improved decay estimates with sharp rates for all order derivatives of
the global weak solutions, for all sufficiently large t. The author proves these
results by making use of existing ideas, existing results and several new, novel
ideas.
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1. Introduction

Consider the n-dimensional incompressible magnetohydrodynamics equations

0 1
0 1

V.-u=0, V.-f=0, V-A=0, V.g=0,

the n-dimensional incompressible Navier-Stokes equations

0

&u—aﬁu+(u~V)u+Vp:f(x,t), V-u=0, V-f=0,
and the two-dimensional incompressible dissipative quasi-geostrophic equation
0

pr + a(=L)Pu+ J(u, (—=A)"Y2u) = f(x,t).

These incompressible fluid dynamics equations play very important roles in applied
mathematics. See Caffarelli, Kohn, Nirenberg [5], Leray [25], Temam [40] and
[41] for the physical backgrounds. It is well known that there exists a unique
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global smooth solution or a global weak solution to each equation, under certain
conditions. Even if the dimension is high, the nonlinear couplings are strong and the
initial functions and the external forces are large, the global weak solutions exist.
Moreover, there hold some elementary uniform energy estimates for the global weak
solutions. The global weak solutions become small enough and sufficiently smooth
after a long time 7.

The elementary decay estimates with sharp rates have been established very well
for the global weak solutions of these equations. For very similar n-dimensional in-
compressible fluid dynamics equations, the existence of a global smooth solution or
the existence of a global weak solution, the elementary uniform energy estimates
and the elementary decay estimates with sharp rates have also been established.
For more results on the incompressible magnetohydrodynamics equations, the in-
compressible Navier-Stokes equations and the two-dimensional incompressible dis-
sipative quasi-geostrophic equation, please see all the references [1]-[44] for these
known related results.

Let n be a positive integer, such that 2 < n < 5. Let « > 0, a3 > 0, ag > 0,
0<d<4,0<e<1l,0<p<landT >0 be positive constants. Let m > 0 be a
constant.

We will accomplish the exact limits for all order derivatives of the global weak
solutions of these incompressible fluid dynamics equations. We may use the global
smooth solution of the corresponding linear problem to approximate the global weak
solutions of the nonlinear problem. We also establish the improved decay estimates
with sharp rates for all order derivatives of the global weak solutions.

The exact limits and the improved decay estimates with sharp rates for all order
derivatives of the global weak solutions are very challenging problems, because if
the spatial dimension is high and the nonlinear functions are strong, the existence
and uniqueness of the global smooth solution may be unknown and there exist
no available uniform energy estimates for any order derivatives of the global weak
solutions.

The main purposes of the next three sections are to accomplish the exact limits
and the improved decay estimates with sharp rates for all order derivatives of the
global weak solutions, which are also local smooth solutions on some unbounded
interval (7T, 00), for all of the incompressible fluid dynamics equations mentioned
above. In each section, we will make mathematical assumptions, provide the precise
statements of the main results. All the results on the global weak solutions of these
incompressible fluid dynamics equations are completely new.

The main ideas and the main steps in the proofs of the main results for the
n-dimensional incompressible magnetohydrodynamics equations, the n-dimensional
incompressible Navier-Stokes equations and the two-dimensional incompressible dis-
sipative quasi-geostrophic equation are almost the same, although some details may
be slightly different. To keep the paper from being too long, we will only provide
a sketch of the proofs of the main results for the n-dimensional incompressible
magnetohydrodynamics equations. We will skip the proofs of the main results for
the n-dimensional incompressible Navier-Stokes equations and the two-dimensional
incompressible dissipative quasi-geostrophic equation.

Definition 1.1. Let ¢ € L*(R™). Define the Fourier transformation

3(6) = / Cexp(cix-Qo(dx, €€ R
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Definition 1.2. Let m € R be a real constant. Define the fractional order deriva-
tive of ¢ by using the Fourier transformation

(CA)m6(E) = EPmB(e), £ eR™

We will use the following Banach spaces and Hilbert spaces

@)= fo: [ jobolax<oof,
@) {o: [ JocPax<ocf,

@) = {6 s jo(x)] < oo}

XER"

L*(R™ x R*) def{ / / |th|dxdt<oo}
L*(R" x R™) def{ / / xt|2dxdt<oo}
1/2
LMR*, LA(R™)) & {¢;/ [/ Y (x, 1) dx} dt<oo},
0 .

L (R, I2(R™)) & {¢ Sup/ |w(x,t)|2dx<oo}.
t>0 n
2. The incompressible magnetohydrodynamics equ-
ations
2.1. The mathematical model equations and known related
results

Consider the Cauchy problems for the n-dimensional incompressible magnetohydro-
dynamics equations

0

P REAu+( ‘V)u— (A V)A+VP =f(x,1), (2.1)
0

8tA - R—MAA +(u-V)A—- (A -V)u=g(x,t), (2.2)
V-u=0, V-f=0, V-A=0, V-.-g=0, (2.3)
U(X,O) = uo(X)7 .:A(X7 0) = .AO(X)7 V- Uy = 0, V- AO =0. (24)

The real vector valued function u = u(x,t) represents the velocity of the fluid at
position x € R™ and time ¢ € R*, the real vector valued function A = A(x,1)
represents the magnetic field at position x € R™ and time ¢t € R*. The real scalar
function

M2

def
P(x,t) = p(x,t) + SRE - RM

A(x, 1)

represents the total pressure, where the real scalar function p = p(x, t) represents the
pressure of the fluid and $|A(x,t)|? represents the magnetic pressure. Additionally,
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M > 0 represents the Hartman constant, RE > 0 represents the Reynolds constant
and RM > 0 represents the magnetic Reynolds constant.
It is well known that there exists a global smooth solution

u € L>®(R*, H*™(R?)), Vu e L*(R", H*™(R?)),
A € L™®(RT, H*™(R?)), VA ¢ L*(R*, H*™(R?)),
uc C®(R*xR"T), AcC®R?xR"),

if the dimension n = 2 and if the initial functions and the external forces are
divergence free and satisfy

u € CHR?) N H*™(R?), f € C=(R?* x RT) N L*(R*T, H*™(R?)),
Ay € CH(R*) N H*™(R?), g€ C°(R* x RT) N L*(RT, H*™(R?)),

for all real constants m > 0.
There exists a global weak solution

uc L=(R", L*(R")), Vue L*(R", L*(R")),
A € L®(RT, L*(R™)), VA € L*(R*, L*(R")),

if the dimension n = 3,4,5 and if the initial functions and the external forces are
divergence free and satisfy the following conditions

u € CHR")NL*(R"), f e C'(R" x RY) N LY(RT, L*(R™)),
Ay € CY(R") N L*(R™), g€ CHR™ x RY) N LY(RT, L*(R™)).

Moreover, there holds the following elementary uniform energy estimate for the
global weak solutions

{[ meopaxs [ 1apopax
]Rn n

9 t , 9 t , 1/2
+ ﬁ/o /n [Vu(x, )| dxdT+R—M/0 /n IVA(x, )| dXd’T}

1/2
<{ [ mborax+ [ 1a0e0Pax
n RTL

o 1/2
+/ {/ |f(x,t)|2dx+/ |g(x,t)|2} dt.

O n n

Additionally, the global weak solutions become small enough and sufficiently smooth
after a long time. That is, there exists a sufficiently large positive constant T', such
that

sup{ [ 107" utx 0P | < .

t>T

sup{ [ 100" Am 0Pix| < .

t>T

for all positive constants m > 0. Furthermore, there holds the following elementary
decay estimate with a sharp rate

sup {tHn/?/ lu(x, t)|2dx} < 00,

t>0
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sup {t1+"/2/ |A(x, t)|2dx} < 0.

t>0

Also consider the Cauchy problems for the corresponding linear equations

0 1
av—ﬁAV—f(x,t), V-v=0, V-f=0, (2.5)
0 1
ZB-mlB=gkx!). V-B=0 V.g=0, 2.6
v(x,0) = up(x), V.-uy =0, (2.7)
B(x,0) = Ap(x), V-Ay=0. (2.8)

2.2. The main purposes - the main difficulties - the main
strategies

For the n-dimensional incompressible magnetohydrodynamics equations, we will
accomplish the following limits

lim {t2m+1+"/2/ |(=4)™u(x, t)|2dx},

t—o0
tli{glo {t2m+1+n/2 / (=A™ [u(x,t) — v(x, t)]|2dx} 7
tliglo {t2m+1+n/2/ (=) A(x, t)|2dX} 7

t—o0

lim {t2m+1+n/2/n [(—A)™A(x, 1) —B(x,t)]|2dx},

in terms of certain known information, and establish the following improved decay
estimates with sharp rates for all order derivatives of the global weak solutions

t2m+1+"/2/ [(=A)™u(x,t)?dx < Ay + Bit™™,
t2m+1+n/2/ (=)™ u(x,t) — v(x,t)]|?dx < C; + Dyt ™",
s [y A Pdx < A+ Bat
2mt14n/2 / [(=2)™[A(x,t) — B(x,1)][?dx < Cy + Dot ™",

for all positive constants 0 < § < 4 and 0 < ¢ < 1, and for all sufficiently large
t > T, T is a sufficiently large positive constant, where

Ay = Ai(aq,6,e,m,n), Ay = As(ag, 6,2,m,n),
Bi = Bi(aq,d,e,m,n), By = Ba(aw, d,e,m,n),
Ci1 =Ci(a1,0,e,m,n), Co = Cy(z,0,e,m,n),
Dy =Dy(ay,0,e,m,n), Dy = Dy(ag, d,e,m,n),

are positive constants, independent of (u(x,t), A(x,t)) and its derivatives, indepen-
dent of (v(x,t),B(x,t)) and its derivatives, they are also independent of (x,t). In
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the above, v = v(x,t) and B = B(x,t) represent the global smooth solutions of the
corresponding heat equations, which are obtained by dropping the nonlinear terms
in the corresponding nonlinear equations.

To study the influence of oy, as, m, n, ug, f on the solutions, we will make the
constants Ay, By, Ci, Dy as explicit as possible. These exact limits and the positive
constants Ay, Bk, Ck, Dy, for k = 1,2, will be represented explicitly in terms of
certain known information, such as the order m of the derivative, the dimension n,

the diffusion coefficients oy = R, a2 = gk, and

(1) the integrals of functions related to the initial functions,
(2) the integrals of functions related to the external forces,
(3) and the integrals of the nonlinear functions w;u;, A;A;, Au;, u;A;, for all
1=1,2,3,---,nand j=1,2,3,--- ,n
The most difficult technical problems in the mathematical analysis are the con-
trol of the following integrals
2

t n
T >~ _
/( exp {—041|77|2(1 - t)} anwlij(t Y2, 7)dr| dn,
j=1

n

IRGD>

i=1

1—e)t

2

t n
T .,
[ e [P - D] Y nam e n rar]
( e

n

[y

i1 1—e)t
2
n t n
T —_— _

/ Inl‘””Z/ exp {—mlle(l—;)}ZmAiAj(t Y2y, 7)dr| dn,
R~ i—1 (1—e)t j=1

n t 2
/ ' > / exp [—041|77|2(1 - } 2 Zanmukul Y2y, m)dr| d,
R" m1 |/ Q—e)t Ul b1 =1

n t 2

m [ T T
/ In|* Z/ exp | —au[n*(1 - 2) QZanmAkAz Y2, 7)dr| dn,
oo L Vil = =

2

1 o ~ _
D mythass (2, 7)dr | d,

n

4am
/Rn It >

ﬁ\w

D
i
LS

|
o
&
=

[ V]
—
=

|

-

N—

i—1 l1—e)t
2
n t ~ - n
m T - —
LSS [ exp[—astnPa = D] Yo 2, rydr| a,
Rn oo L =i
2
n t _ _
m T
/ Inl* Z/( o —aln*(1- ) Zmuz (t71/?n,7)dr| dn,
R~ i—1 1—e)t - d

for all real constants m > 0, where 0 < € < 1 is a positive constant, ¥1;; and g
are auxiliary functions which will be made clear shortly.

We are able to use novel ideas to establish the optimal estimates for these inte-
grals. In particular, we are able to use the following singular integrals

/ [1- e><p(—0<1€|77|2)]2d / [1 — exp(—azeln]?)]?
7, dn,

af|n|n+o ag|n|nto
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and the primary decay estimates with sharp rates to obtain the best possible esti-
mates for these integrals.

First of all, we will make complete use of the elementary decay estimates, the
comprehensive analysis and iteration technique to establish the primary decay es-
timates with sharp sates for all order derivatives of the global weak solutions. Sec-
ondly, we will couple together various ideas, methods and techniques to accomplish
the exact limits. Thirdly, we will couple together the exact limits and novel ideas
to establish the improved decay estimates with sharp rates for all order derivatives
of the global weak solutions.

2.3. The mathematical assumptions

Let us make the following assumptions for the n-dimensional incompressible mag-
netohydrodynamics equations.

(A1) Suppose that the initial functions are divergence free and satisfy the con-
ditions

uy € CHR™) N LY(R™) N L*(R™), Ay € CHR™) N LY(R™) N L*(R™).
Suppose that the external forces are divergence free and satisfy the conditions

fc C®R" x RY)NL'(R™ x RT) N LY(RT, L2(R")),
g € C°R" x RY) N LY(R™ x RT) N LY (RT, L*(R™)).

(A2) Suppose that there exist real scalar smooth functions

¢ri; € C*(R™") N LYR™), 15 € C°(R™ x RT)N LY (R™ x RT),
haij € C2(R™) N LY (R™), the;; € C°(R™ x RY) N L} (R™ x RY),
foralli=1,2,3,--- ;nand j=1,2,3,--- ,n, such that

n n 82
ZZ 8.’1) 81) (rbl’Lj = Oa ZZ 7/}11] X t)

i=1 j=1 =1 j=1
;;8@"6%@” x) =0, ;z:: x(‘) ?ZJQ”(Xt) 0,

and that the initial functions and the external forces satisfy
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for all (x,t) € R™ x R*.
These assumptions are motivated by the special structures of the nonlinear func-
tions

(u-V)u, (A-V)A, (u-V)A, (A-V)u.
These assumptions are also motivated by the incompressible conditions
V'l.l():O7 V~f:O, V'A():O, V~g207

which imply that
/ up(x)dx = 0, / f(x,t)dx =0,

Ay(x)dx =0, / g(x,t)dx = 0,

Rn

for all £ > 0.
(A3) Suppose that there exist the following limits

t—o0
i=1j5=1

n o n 2
lim ZZ {tm+1+"/2/ [(=A) 145 (x, t)|dx} EE,(m),
Rn

n n 2
: m n m def
Jlim Zzl{t e /R (=8 w%(x,mdx} = Fy(m),

for all real constants m > 0.
Here are some slightly weaker conditions than (A3):

n o n )
sup ZZ |:tm+l+n/2/ |(—A)m¢11‘j(X,t)dx} < o0,

>0 =1 =1
n o n 2
iug ZZ [tm+1+"/2/ |(—A)m1/)2ij(x,t)dx} < 00,
>0 =1 j=1

for all real constants m > 0.
(A4) Suppose that there exists a unique global smooth solution

uc L®(RT, H*™(R?)), Vu e L*(RT, H*™(R?)),
A € L>(RT, H*™(R?)), VA € L*(Rt, H*™(R?)),

if n = 2 and if the initial functions and the external forces are divergence free and
satisfy the conditions

ug € Cl (Rn> N HQm(R2>, AO c Cl (Rn> N HQm(R2>,

f € C®(R? x RY)n LY(RY, L*(R?)) N L2(RT, H*™(R?)),

g € C*(R? x RY)n LY(RY, L*(R?)) N L*(RT, H*™(R?)).
Suppose that there exists a global weak solution

uc L=(R", L*(R")), Vu e L*(R", L*(R")),
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A € L™(R",L*(R")), VA € L*(R*, L*(R")),

if n = 3,4,5 and if the initial functions and the external forces are divergence free
and satisfy the conditions

u € CHR")NL*R"), f e C'(R" x RY) N LY(RT, L*(R™)),
Ay € CYR") N L*(R™), g€ CHR™ x RY) N LY(RT, L*(R™)).

(A5) Suppose that the global weak solutions become small enough and suffi-
ciently smooth after a long time. Namely, there exists a sufficiently large positive
constant 7', such that

u e L®((T,00), H*™(R")), Vu € L*((T,0), H*™(R")),
A € L™((T,00), H*™(R™)), VA € L*((T,00), H*™(R")),

for all positive constants m > 0. That is, there hold the following estimates

sup {/ |(—A)mu(x7t)|2dx} < 00,
t>T n
sup {/ (=)™ A(x, t)|2dx} < o0,
t>T n
and

/ / |(= )™ 2q(x, )2 dxdt < oo,
T n

/ / [(=A)™ Y2 A(x, 1) 2dxdt < oo,
T n

for all positive constants m > 0.

(A6) Suppose that there hold the following representations for the Fourier
transformations of the global weak solutions of the Cauchy problems for the n-
dimensional incompressible magnetohydrodynamics equations

i(&,t) = iexp(—an |€21) D €611, (€)

j=1
t n -
i / expl—aléP(t — )] D &thuis (6, 7)dr
0 j=1
t n
i / exp[—an|¢[2(t — )] 3 & (€, 7)dr
0 j=1

t

+i exp[—a1|5|2<tw>]Z@E-A\j(s,v)dv

S—

t

exp[—a1[¢[*( |§|2 Zz&cfzukul (& 7)
k=1 1=1

t
exp[—an [¢€]*(

+1i

S—

—1

S~

|§|2 ZZSkEzAkAl §,7)dr
k=11=1
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Ai(&,1) = iexp(—azl€t) D &2i;(€)

j=1
t n ~
i / expl -l (t — )] D &thais (6, 7)dr
0 j=1
t n —
—i [ exploalee - 1) Y 6 A (€ r)dr
0 j=1
t n —
+i / expl—azlél?(t - 1) 3 &, (6, 7)dr,
0 j=1
= LSS e ) LZZ A AE 1),
|§| k=11=1 €f? k=11=1

for all (£,t) € R® x RY and for all i = 1,2,3,--- ,n. However, £ # 0 in the
representations of u; (&, t), A, (&,t) and ]3(5, t).

(A7) Suppose that there hold the elementary decay estimates with the sharp
rate r =1+ n/2

sup {t1+"/2/ lu(x, t)|2dx} < 00, sup {t””/Q/ |A(x, t)|2dx} < 0.
t>0 n t>0 n

2.4. The main results

Suppose that the mathematical assumptions (Al) - (A7) on the initial functions
(up, Ap) = (up(x),Ap(x)), the external forces (f,g) = (f(x,t),g(x,t)), and the
global weak solutions (u, A) = (u(x,t), A(x,t)) of the incompressible magnetohy-
drodynamics equations are true.

There are two parts in the main results.

Part 1: The exact limits for all order derivatives of the global weak
solutions of the n-dimensional incompressible magnetohydrodynamics
equations.

Theorem 2.1. There hold the following exact limits

lim {t2m+1+n/2/ |(=4)™u(x, t)|2dx} = ;Il(m)jla

t—o00 n(n + 2)
tlg(r)lo {t2m+1+"/2 /n [(—=2)u(x,t) — v(x, t)]de} = mzl(m)lCl,

for all order derivatives of the global weak solutions of the n-dimensional incom-
pressible magnetohydrodynamics equations (2.1)-(2.4). In Theorem 2.1,

1 m
L) = e [ 147 expl—2au i)
F=n S 1230k z] -[zm] ,
i=1 j=1 i=1 j=1 i=1 i=1

n n

n 2
Ki=n Z Z p%ij - lz Plii‘| )
i=1

i=1 j=1
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where

a5 = ¢1ij(x)dx+/ 145 (x, t)dxdt,
o Jre

R

)\1ij :/ ¢1ij(x)dx+/ / z/mj(x, t)dxdt
Rn 0 Rn
_/ / Ui(X,t)’U,j(X7t)dth+/ A (x,t) A (x,t)dxdt,
0 n 0 Rn

Plij = / / Uy (Xv t)uj (Xv t)dth - / A; (X, t)Aj (X, t)dxdt,
0 " 0 Rn

foralli=1,2,3,--- ;nand j=1,2,3,--- ,n.
Obviously

a1ij = Mij + prijs P1ji = Prij-

Theorem 2.2. There hold the following exact limits
1
. 2m+1+4n/2 _ Ay 2 ——
lim {t / (=A™ A(x, 1)) dx} = ~T(m)J,

1
tliglo {t2m+1+n/2 / ‘(—A)m[A(X,t) _ B(X, t)]IQdX} — EIQ(m)ICQ,

for all order derivatives of the global weak solutions of the incompressible magneto-
hydrodynamics equations (2.1)-(2.4).
In Theorem 2.2,

1 m
Tam) = g [ exp(=2aal?)an

n

Jo = Zz/\gij,

i=1 j=1

Ko = ZZP%@

i=1j=1

where

Q24 :/ ¢2ij(x)dx+/ o5 (x, t)dxdt,
R 0 R~

A2ij = / P2i5 (x)dx + / / Vo5 (x, t)dxdt
R™ 0 Rn™
,/ / Ai(x,t)uj(x,t)dxdtJr/ / wi(x,t)Aj(x, t)dxdt,

0 " 0 n

P2ij :/ / Ai(X,t)uj(X,t)dxdt—/ / ui(x, 1) Aj(x, t)dxdt,

0 " 0 n

foralli=1,2,3,--- ,nand j=1,2,3,--- ,n.
Obviously

Q25 = )\2117‘ + p2i5, P2ji = —P2j-
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Theorem 2.3. The ratio of the exact limits for (2.1)-(2.4) is the same as the ratio
of the exact limits for the linear equations, for each constant m > 0. That is, there
hold the following results

~

~

~

— — — = N N AN N

~

lim
t—o00

g

t—o0

g

t—o0

g

t—o0

g

t—o0

g

t—o0

g

t—o0

lim

t—o0

t2m+2+n/2/ |(—A)m+1/2u(x,t)\2dx }

t2m+l+n/2/ |(—A)mu(x,t)|2dx }

t2m+2+n/2/ |(—A)m+1/2v(x,t)|2dx }

[ | 4 2
t2m+1+n/2/ [(—2)™v(x, t)|2dx } _ ml—’fl‘F
L n i al

)

t2m+3+n/2/ |(—A)m+1u(x,t)|2dx}}
t2m+1+”/2/ [(—A)™u(x, t)[dx }

t2m+3+n/2/ |(7A)m+1V(X, t)|2dX:| }

i | dm +n+2)(4dm +n +4)
2m+1+n/2 _A)™ 2 (
et [y x| | o ,

for all constants m > 0; and

~

~

~

— — =~ N N N N

~

g

t—o0

g

t—o00

g

t—o0

?

t—o0

g

t—o0

g

t—o00

T

t—o0

lim

t—o0

st [0y e ) - v o) Pax] |
et [t - vixolPax| |
s [yl ax| |

4 2
t2m+1+n/2/ |(—A)mV(X, t)|2dX:| } = TTL1—7H+7
n al

el [ oy it ) - v )P |

et [yt - vixolPax| |
s [y v Pax |

t2m+1+n/2 /n |(—A)mV(X, t)|2dxi| } _ (4m tn —*—(jo)é(jgn +n+ 4) ,

for all constants m > 0.
Moreover

{

3

lim

t—o00

lim

t—o0

ezt [ apmesa g Pax |
{t2m+1+”/2 /R |(—A)mA(x,t)2dx]}
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_ { lim t2m+2+n/2/ |(—A)m+1/2B(X, f)|2dX:|}

t—o0

/ 4 lim t2m+1+”/2/ |(—A)’"B(x,t)|2dx}}:4m+n+2,

t—o0 4042

t—o0

lim t2m+3+n/2/ |(*A)m+1A(X, t)ZdX:| }

/ < lim |2mrtan/2 / |(—A)mA(x,t)2dx]}

t—o00

lim t2m+3+n/2/ |<—A)m+1B<X, t)|2dX:| }

t—o0

lim |2t / (—A)™B(x, t)Pax| | = Umtnt2)(dmtntd)
t—o00 n (4&2)

— — N

/

for all constants m > 0; and

flim t2m+2+n/2/ |(—A)m+1/2[A(X,t) _ B(X, t)]|2dX:| }

/

t—o0

i [ 002 [0 A - B 0] |

thm t2m+2+n/2/ |(_A)m+1/2B(X7 t)|2dX:|}
—00 n

/

)

4 2
lim [(2m+14n/2 / |(A)mB(x,t)|2dxH fmint2

t—o0 4a2

i | [ a)meiaen - Box]Pax] |

/

t—o0

i [ 002 [0 A - Bl 0] |

lim t2m+3+n/2/ |(—A)m+1B(X,t)|2dX]}

— — — = N N N N

t—o0
/ { lim t2m+1+n/2/ I(=A)™B(x, t)|2dx _ (4m+n+2)(4m+n+4)’
t—o00 n (4042)2

for all constants m > 0.

Part 2: The primary decay estimates and the improved decay esti-
mates with sharp rates for all order derivatives of the global weak solu-
tions of the n-dimensional incompressible magnetohydrodynamics equa-
tions.

Theorem 2.4. There hold the following primary decay estimates with sharp rates

sup {t2m+1+"/2/ (—A)mu(x,t)2dx} < 00,
t>T n

sup {t2m+1+"/2/ [(=A)™A(x, t)|2dx} < 00,
t>T n

for all positive constants m > 0. Here T is a sufficiently large positive constant. It
is the same constant as in (A5).
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Theorem 2.5. There hold the following improved decay estimates with sharp rates
g2mtin/2 / [(—A)™u(x, )2 dx
< Ay (ag,d,e,m,n) + Bi(ag,d,e,m,n)t™",
g2mitn/2 / (=)™ [u(x, t) — v(x, t)][dx
< Ci(aq,0,e,m,n) + Di(ay,d,e,m,n)t™",

for all order derivatives of the global weak solutions of (2.1)-(2.4), for all positive
constants 0 < 6 <4 and 0 < e < 1, and for all sufficiently large t. In Theorem 2.5,
the positive constants are given by

Al - Al (ala 6,65 m, 'I’L)

= 11Z:(m) {El(UO) + Ea(f) +622Fni(1113n'/’_22F3(A) } :
B1 = Bi(ay,d,e,m,n)
= 22Cy(m,n)S1(a1,d,e,n) {E4(m + (n — 2+ 8)/4)
! n(n + 27 s I 7).

Es(u) + F3(A
C1 =Ci(a1,6,6,m,n) = 1611(m)%’

Dy = Di(aq,d,e,m,n) = 64Cy(m,n)S1 (a1, d,e,n)

JT(0)Zi(m+ (n—2+6)/4) Zo(0)Za(m + (n —240)/4) 5
{ [n(n -+ 2 I n? 72 } |

where

) g{/ B1is(x >|dx}2,
By zn:zn:{/ /n|1/}1”xt|dxdt},

i=1 j=1

:{/oo xt|dxdt},
0 R™

n n 2
Bi(m) = Jim 3> [t’"“*"” / (= 2) ™5 (x, t>|dx] :

([ e

Tu(m) = G [ ™ exp(=2alnf)an,

1 m
e [ il exp(—2asli)an,

n n n n n 2 n 2
E | — E Aii|
i=1 i=1

IQ (m) =

Ji=n) D A +2) ) afy;+

i=1 j=1 i=1 j=1
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ZZ)‘QW

=1 j=1
1 [1 — exp(—aqeln]?)]?
Si(ay,d,e,n) = (27T)”/ a%|n‘n+6 dn,
1 [1 — exp(—ageln]?)]?
82(042,5,5777/) = (27_(_)»”/ a§|n‘n+5 d77

Theorem 2.6. There hold the following improved decay estimates with sharp rates
g [ A bdx
< As(aw, d,e,m,n) + Ba(ag, d,e,m,n)t™ ",
Al [ A - Bl o) Pdx
< Coag,0,e,m,n) + Da(as, d,e,m,n)t™ ",

for all order derivatives of the global weak solutions of (2.1)-(2.4), for all positive
constants 0 < § <4 and 0 < e < 1, and for all sufficiently large t.
In Theorem 2.6, the positive constants are given by

Ay = As(az, d,e,m,n)

Bg = BQ(O(Q, 5,6,’/71,’/1)
= 14Cy(m,n)Ss(az2,d,e,n) {Fa(m + (n — 2+ §)/4)
+ m[zlm)Iﬂm—f—(ﬂ—?ﬁ-é)/ﬁl) +Iz(O)Il(m+(n—2+6)/4)}jlj2} :

Es(u) +F3(A)

€2m+1+n/2 ’
16Cy(m,n)
n2(n+2)
(L) Za(m + (n— 2+ 8)/4) + To(O)Ta(m + (n — 2+ 8)/4)} To o,

where

Co =Co(ag,d,e,m,n) = 4Zy(m)

Dy = Dy(ag,d,e,m,n) = Sa(ag, d,e,m)

(Ao) —Zi{/ [ (x |dx}2,

=137
n

0S5 [ o]

=1 5=1

oo 2
{ / (x,1) |2dxdt} ,
o Jre

Fam) = Jim, {ZZ [t’”“*"“ /

i=1 j=1

Fa(u) = { / R t>|2dxdt}2»

n

|<—A>mw2w«<x,t>dx} } ,
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1 m
Tim) = g [ expl=200 ),
1 m
Ta(m) = s [ 017 exp(=20alnf)dn.
TR0 IS 9 oA SR I D ol B
i=1 j=1 i=1 j=1 i=1 i=1
Jo =22 M5y
i=1 j=1
L[ - exp(carchP)?
(o8 = g || S
1 [1 — exp(—aseln|*)]
R T e T

3. The mathematical analysis and the proofs of the
main results

The main purposes of this section are to accomplish the exact limits and the
improved decay estimates with sharp rates for all order derivatives of the global
weak solutions of the n-dimensional incompressible magnetohydrodynamics equa-
tions (2.1)-(2.4). The main difficulties are that the existence and uniqueness of
the global smooth solution are unknown, if the dimension n > 3 and if the initial
function and the external force are large. There exists no available uniform energy
estimate for any order derivatives. To overcome the main difficulties, we will make
complete use of the special structures and the semi-explicit representations of the
Fourier transformations of the global weak solutions, to establish the primary decay
estimates with sharp rates for all order derivatives on the interval (T, 00), where T
is a sufficiently large positive constant. Then we will couple together existing ideas,
existing results and a few novel ideas to accomplish the main results.

If there exists a unique global smooth solution to the Cauchy problems for the n-
dimensional incompressible magnetohydrodynamics equations (2.1)-(2.4), then the
energies

[earmuenre [ oA P

are finite, for all m > 0 and for all ¢ > 0. If there exists a global weak solution,
then the energies

/ [(—=A)™u(x, t)|%dx, / [(=A)™A(x,t)2dx
are finite, for all m > 0 and for all sufficiently large ¢ > T'. It is unknown if any of
these energies is equal to infinity at some finite time 0 < ¢ty < T'.

Let

o] = ==, Qg = ——.
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Let the positive constants 0 < § < 4 and 0 < € < 1, and let the real constant
m > 0. This is only a sketch of the proofs of the main results for the n-dimensional
incompressible magnetohydrodynamics equations. We provide the main ideas and
the main steps here. Because of space limit, all easy and simple details of the
proofs will be skipped. There are several lemmas in the proofs of the main results.
In this part, we will use Cyp = Cy(m, n) to represent any positive constant, which is

independent of (041, a2)7 (61 5)7 (¢1ija ¢2ij)’ (¢1ijv inj)a (110, AO)a (f7 g)v (ll, A) and
(x,1).

3.1. The elementary estimates
First of all, we will establish a series of elementary estimates.

Lemma 3.1. There hold the following eighteen elementary estimates:
(1)

2
n

[l S fexp(-anlnl) - st )| dn
R™ :
Jj=1

i=1

n n

/ n[*™ 2 exp(—2a1|n|*)dn Z;Z;U P14 (x |dx]2
(2)

2
n

/R n*™ 3 lexp(—anll®) S nidais (72m)| dn

i=1 j=1

n

n 2
< [ 2 exp(-2azlian ZZ[/ i (x |dx]
" i=1j=1
(3)

2
n

(1—e)t
/Rn \nl“mZ/O eXp[ ar[n]( }mem (t=?n,7)dr| dn

=1

n

/ [n|*™*2 exp(—2a1e|n|?)dn ZZ [/ / Y14 (x, 1) |dxdt
1

=1 5=

(4)

2

n (1—e)t
/ \77|4m2/ exp | —azlyl*( }mem Y2y, r)dr| dn
RrR™ 0

i=1

n n %) 2
§/R [n|*™F2 exp(—2aqe|n|?)dn ZZ{/O / |15 (x, t)|dxdt

i=1 j=1
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(5)

2
n

(1—e)t - n
/R \nl‘“”Z/o exp [—allnlz(l—;)}Zmuiuj(t‘mnﬁ)dT dn

i=1 j=1
[e'e) 2
</ n|4m+2exp<—2ale|n2>dn{ [ |u<x,t>|2dxdt}.
R™ 0
(5)
n_ | pa-en o ’
LSS [ e [l = D] Son A ¢ rar| ag
" i=1 |0 j=1
[e'e) 2
</ |n|4m+2exp<—2alen|2>dn{ I |A(x,t>|2dxdt}.
R» 0 n
(1)
2
n (1—e)t . e
|77|4m2/ exp {ﬂllnl 1**} Zanmukul Py, 7)dr| dn
R™ i=1 |70 k=1 1=1
[e'e) 2
</ n|4m+2exp<—2ale|n2>dn{ I |u<x,t>|2dxdt}.
R"L O n
(8)
2
n (1)t
/]R|77|4mz eXP{*%W 1**} PE ZZTIWZAkAl “n,7)dr| dn
" i=1 k=1 I=1

0
2
</ |n|4m+2exp<—2ale|n|2>dn{ / / A(x,t>|2dxdt}.
Rn 0 n

(9)

2

n (1—e)t 1
/R In\“mZ/ exp {—azlnlz(l—;)}ZmAin(t‘”Qn,T)dT dn
" i=1 |70

j=1

< / 942 exp(—2aselnl?)dn

AL fmsorssa}{ [ [ wsoross

(10)

2

n (1—e)t
/R In\“mZ/O exp | —asl? 1—*}277;1% (t72n,7)dr| dn
" i=1

< / 772 exp(—2aen|?)dy
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| {/Ow [ u(x,t)gdxdt} {/OOO/ |A(x7t)|2dxdt}.

(11)
2
n t
/ \77|4m2/ eXP[ ax|nf*( }Zﬁﬂ/fm “n,7)dr| dn
R i—1 |/ (=)t
- 1 — exp(—aue(n[*)]?
< Cot™™ {/ [ dn
’ " affn[r+o
n n 2
>0 sw [rm+<3n+2+5>/4 [y g ) ax
i=1 j—1 (1—-e)t<r<t n
(12)
2
n t
/ \nl“”‘Z/ eXp{ aslnl*( ]mem Y2, 7)dr| dn
R™ i=1 |/ (1—e)t
_ [1 — exp(—aqeln]?)]?
< Oot " {/ d77
az|n|n*e
n o n 2
0 sw [Tm+(3n+2+5>/4 [y o2 gy 1)
o1 o1 (—e)t<r<t n
(13)
2
n t n
/ Inl‘*mZ/ exp[ a|nf*( }Zmumg *n,7)dr| dn
R™ i=1 |/ (1=e)t =1
- [1 — exp(—aien[*)] }
< Gt / d
’ { o
. sup [TH”/Q/ |u(x,T)2dx]
(1—e)t<r<t n
. sup |:7_2m+n+6/2/ |(—A)m+("_2+5)/4u(x,T)|2dx} )
(1—e)t<r<t n
(14)
2
n t n
T —_— _
LSt [ e [—aln? - 1)) Yo m A 2 | dy
Rn i—1 (1—e)t =1

_ [1 — exp(—azeln|2)]? }
< Copt™ / dn
0 { . a2[n[r+s

. { sup {TH"M/ |A(x,7')|2dx}}
(1—e)t<r<t n
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. { sup |:T2m+n+6/2 / ‘(7A)m+(n72+6)/41A(X7 T)ZdX:| } )
( n

1—e)t<r<t
(15)
n t 2
/ ity eXP{ ar[n|? 1**} ZZ Rt (20, 7)dr | dn
R i=1 —e)t =11=1
_ 1 — exp(—azeln]?)]? }
< Opt™™ / [ d
’ { A
: { sup [TH”/Q/ |u(x,7-)|2dx}}
(1—e)t<r<t n
. sup |:7_2m+n+6/2/ |(_A)m+(n—2+6)/4u(x77_)2dx:| ]
(1—e)t<r<t n
(16)
n t n 2
/ |r]|4mz / : exp [—a1|n| 1—7 } ZanmAkAl (t=2n, 7)dr| dpy
" i=1 |7/ (1=e)t k=

- [1 — exp(—aeln|?)]? }
< Oyt / d
0 { n of|n|nto !

. { sup |:T1+n/2/ A(x,7)|2dx}}
(1—e)t<r<t n

. { sup |:7_2m+n+5/2 / ‘(—A)m+(n72+6)/4A(X7 T)2dX:| } )

(1—e)t<r<t
(17)

2
n t

/Rn "™ /(1E)texp {—azlnl 1—*}2:: nj Az (61, T)dr | dy

i=1

. [1 — exp(—ase|n|?)]? }
< Oyt / d
0 { . [+ !

. {(1 5)122 ., [Tl+”/2/ |u(x,7)|2dx}}
—e)t<T< "

. { sup [T2m+n+5/2/ |(7A)m+(n72+6)/4A(X’ 7‘)|2dX:| }
( n

1—e)t<r<t

- [1 — exp(—azeln|?)]?
+ Cot™ {/ dn
’ az|n|n+e

. {(1 S)ltlg N [T1+n/2/ |A(X,T)2dx]}

. { sup |:7_2m+n+§/2/ |(_A)m—&-(n—2—|—5)/4u(x7 T)QdX:| } ]

(1—e)t<r<t
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(18)

2
n t

Lot S| [ e [asi? 1—f}2muz (12, r)dr| dy
R™ (1—e)t

i=1

. [1 — exp(—ase|n|?)]? }
< Oyt / d
0 { . ||+ 7

. {(1 S)lig ., [Tl+”/2/ |u(x,7)|2dx}}
—e)t<7< "

. { sup [,}_2m+n+5/2/ |(7A)m+(n72+6)/4A(X’ 7‘)|2dX:| }
( n

1—e)t<r<t

_ [1 — exp(—oz2€|77|2)]2
+ Cot™™ {/ dn
0 aj|n|nto

| {u w1 'A<X77>Qd"]}

. { sup |:7_2m+n+5/2/ |(_A)m—&-(n—2—|—5)/4u(x7 T)QdX:| } ]

(1—e)t<r<t

These estimates are true for all positive constants 0 < § < 4 and 0 < ¢ < 1, for
all real constants m > 0 and for all sufficiently large t. In (11) - (18), the positive
constant Cy = Cy(m,n) is independent of (a1, ), (6,€), (145, $2i5), (Y145, V2ij),
(1107 AO)} (fv g)? (ua A) and (Xv t)'

Proof. By using the standard Cauchy-Schwartz’s inequality and a few very simple

properties of the Fourier transformation, then by using the change of variables
n = t'/2¢, so that |n|? = |€|*t, we may establish the following basic estimates.

(1)

n n 2
> [exp(—onlnf) Y mu (71 2n)
i=1 Jj=1
n 2
< Inf? exp(~2anlnP?) ZZ{ [ o olax)
=1 j=1
(2)
2
> lexp(—as|nl?) Zﬁj@w %)
i=1 Jj=1
2
< Inf? exp(~2asln]?) ZZ{ [ lonsolax)
=1 j=1

n

Z /O(I‘E)texp[ o |3 ( }Zmiﬁm ,7)dT

i=1
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n n [e'o) 2
< 77|Qexp(2041€|77|2)22{/0 / |¢¢j(x,t)|dxdt} .
i=1 j=1 "
(4)
n | ey n 2
Z / exp[ az|nl?( } an¢2m (=12, 7)dr
=1 0 j=1
< [n|? exp(—2ase]n|?) ZZ{/ / |1haij (x,t |dxdt} :
=1 j=1
(57)
2
n (1—e)t
3 / exp [—annf’( }Zmuz% 2, 7)dr
i=1
2
< |nl? exp(—2a1¢|n|?) {/ /R lu(x, t)|2dxdt} .
0 n
(67)
2
n (1—e)t
> / exp | ~auln*(1 - } ZmA At Py, m)dr
i=1 |0 i=1
2
< |n]? exp(—2a¢|n|?) {/ / |A(x,t)2dxdt} .
0 n
(7)
n (1—e)t n n 2
Z/ eXp[ aq|nf*( ]‘ E SO memtg (¢ Py, T)dr
i=1 |70 k=11=1
2
< |nf? exp(—2a[n|*) {/ / u(x,t)| dxdt}
(8)
n n o n 2

(1—e)t
Z/O CXP[ ar|nl*( z } 2 ZZUkﬁzAkAl 2, 7)dr
- k=1 1=

=1 1

o) 2

< |nf* exp(—2a[n|*) {/ / |A(x,t)2dxdt} .
0 n

2
n

(1—e)t n o
> /O exp [—042|77|2(1 - %)] > Ay (¢, 7)dr

i=1 j=1
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< P esp(-202e) { [ [ juxoipaxar}{ [ [ iapeopasar).

(107)

2
n

(1—e)t
Z / exp{ asln)*(1 - = } anuz (t~Y 2%, 1)dr
0

< |n]? exp(—2ase|n|?) {/ /n u(x, t)] dxdt} {/ /n (x,t)] dxdt}
(11)

n

Z sup \77|2m_2+("+6)/2tz77j¢1ij(t_1/27777)

o7 (1—e)t<r<t =

n n 2

< Cot_n ZZ sup |:7_m+(3n+2+6)/4 |(_A)m+(n_2+5)/4w1ij (X7 ’7')|dX

oo (—eytsr<t R™
(12)
2
n n R
ST sup |02 g (2, 1)
3 (1—e)t<r<t =

n n 2

< Cot™ su P na240)/4 [ C A mHn=248) /Ay, e 12y
- E::Z::Hp[ L 1E8) Va1 (%, 7)|

(137)

n
Y sup (gL g (6 2, )

7 (1—e)t<T<t =

< Cot™" { sup {TH"/Q/ u(X,T)QdX] }
(1—-e)t<r<t n

. { sup |:7_2m+n+6/2/ |(_A)m+(n2+6)/4u(x,7_)|2dx:| } )

(1—e)t<r<t
(147)

Do sup (P EEOEOREN g A A (P, T)

i—1 (I—e)t<r<t =1

< Cot™™ sup { |:7'1+n/2/ |A(x, 7')|2dX:| }
(1—e)t<r<t n

. { sup |:7_2m+n+§/2/ |(—A)m+(n_2+5)/4A(X, 7')|2dxi| } )

(1—e)t<r<t
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(157)

n 2

Z sup

i—1 (1—e)t<r<t

n n

|p[>m =2 () /2t ZZUkmukul ~2n,7)
k=1 1—1

< Cot™" {(1 S)%E ., [TH”/Z/ [u(x, 7’)|2de|}
—eyt<r< n

. { sup |:,7_2m+n+5/2/ |(_A)'m—i-(71—2-1—(5)/4111(){7 ’7')|2dX:| } )
(1—e)t<r<t n

(167)

n 2

Z sup

7 (l—e)t<r<t

g 22 ) /2 "l Zznknmkm "7
k=1 1=1

gcot”{ sup {THW / A(x,7)|2dxH
(1—e)t<r<t n

. { sup |:7_2m+n+5/2/ |(—A)m+(n_2+6)/4A(X, T)|2dX:| } )

(1—e)t<r<t
(17)
2
Z sup |n‘2m72+(n+5)/2tznjzu\j(tfl/lqﬂ_)
S (—e)t<r<t =
< Cot™ { sup [TH"/Q/ u(X,T)2dX] }
(1—e)t<r<t n
. sup |:7_2m+n+6/2 / |(—A)m+(n_2+6)/4A(X, T)|2dX:|
(1—e)t<r<t n
+ Cot™" sup {TH"/Q/ |A(x, 7')|2dX:|
(1—e)t<r<t n
. sup [T2m+n+6/2 / |(7A)m+(nf2+5)/4u(x, T)|2dX:| )
(1—e)t<r<t n
(18’)

n

D sup (P TEEOEOREN g Ay (e o, )

o7 (1—e)t<T<t =

< Cot™" { sup {TH"/Q/ u(x,T)de] }
(1—e)t<r<t n

. { sup |:7_2m+n+6/2/ |(—A)m+(n_2+5)/4A(X, T)|2dXi| }

(1—-e)t<r<t
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+ Cot™ { sup {TH”/Q/ A(x,7)|2dx} }
(1—e)t<r<t n

. { sup |:7_2m+n+5/2/ |(—A)m+(n2+5)/4U(X,T)|2dx] } )

(1—e)t<r<t

The details of the proofs are skipped because they are very easy. These estimates
are true for all positive constants 0 < 6§ < 4 and 0 < ¢ < 1, for all m > 0
and for all (n,t) € R® x RT. In estimates (11°), (12’), (13), up to (177), (18’),
Cy = Cy(m, n) > 0 s a positive constant, independent of (a1, az), (J,¢), (@145, D2i5),

(Y1, ¥2i5), (w0, Ao) (f,8), (u,A) and (x,1t).
Now by using (11’) - (18’), we get the following estimates
(117)

2|n|4m+n+5 Z /

1—e)t

exp[ ar|n|*( }Znﬂplw n,7)dr

< Coll — exp(—aneln|*)*t™"

n n 2

> > swp [rm+<3n+2+6>/4 / ()2 Ay e, x|
i=1 j—1 (1—e)t<r<t n
(12°)

2

exp[ az|nl*( }Znﬂl)w (t” Y2 ,7)dT

2|n|4m+n+6 Z /

i=1 |/ (1—e)t

< Coll — exp(—aneln|*)]*t™"

n n

2
>0 sw [Tm+<3n+2+5>/4 [ a9t x x|

o1 o1 (1—eyt<r<t

(137)
2
2\77|4m+”+5z /1 ) exp{ arln|*( }Zmuzw n,T)dT
_ e)t j=1
< Co[l — exp(—azeln*)Pe "
: { sup {TH"/Q/ u(x,r)|2dx]}
(1—e)t<r<t n
. { sup |:7_2m+n+5/2/ I(_A)m+(n—2-‘,—5)/4u(x7 T)|2dX:| } ,
(1—e)t<r<t n
(147)
2

2|n|4m+n+6z /

— 1—e)t

exp | —auf( ]i 57120, m)dr
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—n

< Co[1 — exp(—aueln|?)]?t

. {(1 S)I:E <t [TH_WQ/ |A(X7T)2dx]}
—eyt<r< n

. { sup |:7_2m+n+6/2/ |(—A)m+(n_2+§)/4A(X77')|2dX:| } ,

(1—e)t<r<t

(157)

n t
.
A [ exp [l T
1|/ (—e)t I

< Co[l — exp(—aqeln|?)*t™"

P )

. { sup |:7_2m+n+6/2/ ‘(_A)m+(n—2-',-6)/4u(x7 T)|2de| } ;

(1—e)t<r<t

2

ZZﬁkmukuz T2, T)dr

k=11=1

(167)

n t
a3 [ e —ann=T)]
i—1 (1—e)t

< Co[1 — exp(—aqeln?)Pt ™"

. {(1 s)lig ., [TH"/Q/ A(XJ)de}}
—ojt<r< n

. { sup |:7_2m+n+6/2/ ‘(—A)m+(n_2+6)/4A(X, T)QdX:| } ,

ZZ%ThAkAlt Y2, r)dr

k=1l=1

(1—e)t<r<t

(177)

2

T n —_— _
exp {—042\77|2(1 - ;)} anAin(t V2, 7)dr

j=1

2|n‘4m+n+5 Z /

< Coll — exp(—age|n])]*t™

: {(1 S)ltlg ., 7'1+"/2/ |u(x,7)|2dx]}

. { sup T2m+n+5/2/ |(_A)m+(n72+6)/4A(X’ T)|2de| }

(1—-e)t<r<t L

1—e)t

+ Co[1 — exp(—aneln*)?t™"

. {(1 S)ltlg ., TH”/Z/ |A(x,r)|2dx}}

. { sup 72m+”+5/2/ |(—A)"H'("_Q"";)/4u(x,7')|2dx]}7

(1—e)t<r<t L
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(187)

2

exp [ a2\77| (1-- ] anul t_1/2 ,7)dT

2|n‘4m+n+5 Z /

1—e)t

< Gyl — exp(—aqgeln|*)?t™"

[ b L)

. { sup T2m+n+6/2/ |(7A)m+(n72+5)/4A(X, 7')|2dX:| }

(1—e)t<r<t L

+ Co[l — exp(—oz25|77|2)]2t_

A e s}
76 77—7 L n

. { sup T2m+n+6/2/ |(A)m+(n2+6)/4u(x’7_)|2dx] } ,

(1—e)t<r<t L

for all real constants m > 0 and for all sufficiently large ¢.
The desired elementary estimates follow from the basic estimates (1’) - (10’) and
(117) - (18”) immediately. O

Remark 3.1. (1) The upper bounds for the integrals

n (1—e)t
/R |n|4mZ/O exp[ ar[n]( }Zmuluj n,7)dr| dn,

i=1
and

n

4m
/R D>

=1

dn

n n
Z Z Mty (t 1/2777 7)dr

| k=11=1

/ T exp [Fanli - 1] 2 |

are the same. The upper bound is

[l exp(—2aselal?)an { /

for all real constants m > 0 and for all ¢ > 0.
(2) The upper bounds for the integrals

2
|u(x, t)|2dxdt} ,

T

n

2

no | a1-e) n
/R |77I4"’Z/O exp[ ar |n]*( }Z S, 7)dr| dn,

i=1

and

n

RS>

i=1

Z nkmAkAl ,T)dT dn

/O(ls)t o [70[”77‘2(1 }
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are the same. The upper bound is

[e'e) 2
/ |n4m+2exp<—2als|n|2>dn{ I |A<x,t>|2dxdt},
RVZ 0 n

for all real constants m > 0 and for all ¢ > 0.
(3) The upper bounds for the integrals

2
n

(1—e)t s
LSS [ ep [ashuP - D] Sow A 2nridr|

i=1 |70 j=1

and
2

no| e
/n In\‘“”Z/O exp[ asln|? 1—*]277]1% (t 1%, 7)dr| dn
i=1

are the same. The upper bound is

/ 72 exp(—2aseln[2)dn
R’VL

: {/OOO/ Iu(X,t)|2dxdt} {/OOO / |A(x,t)|2dxdt},

for all real constants m > 0 and for all ¢ > 0.
(4) The upper bounds for the integrals

2

n t n
/ In\“mZ/ exp[ az |nf*( }Zmulug (t~Y/2n,7)dr| dn,
R”™ i=1 |/ (1—e)t j=1

and

n

4m
/R DS

i=1

n

n
Z Mty iy (t —, 7)dr

k=11=1

¢
exp [—a1|n|2(1 ]
/(1s)t ‘77|2

are the same. The upper bound is

- [1 — exp(—aieln|?)]? }
Cot™™ / dn
’ { U
. { sup {7’1+”/2/ u(x,r)|2dx}}
(1—e)t<r<t n

. { sup |:7_2m+n+5/2/ ‘(_A)m+(n72+5)/4u(x’ T)|2dX:| } ;

dn

(1—e)t<r<t
for all real constants m > 0 and for all sufficiently large ¢.
(5) The upper bounds for the integrals

2
n

t n
T —_— _
/R \nl‘*’”Z/ Lo [—al\nl“’(l—;)}ZﬁinAj(t Y2, 7)dr| dn,

i=1 |/ (1)t j=1
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and

2

t
/ eXP{ ax|nf*( } ZanmAkAz Y2, 7)dr| dn

(1—e)t n[? el =1

n

/Rn It >

i=1

are the same. The upper bound is

- [1 — exp(—aieln|?)]
Cot™™ d
’ {/ ai|n| !
. sup [TH‘”/Q/ |A (%, T)|2dX:|
(1—e)t<r<t n

. { sup |:7_2m+n+6/2/ |(—A)m+(n_2+6)/4A(X, ’7')|2dX:| } ,

(1—e)t<T<t

for all real constants m > 0 and for all sufficiently large ¢.
(6) The upper bounds for the integrals

2
n t n
" 7— —_— _
Lo [ exp[—astnPa - D)) o V2, rydr| d,
R~ i1 (1—e)t j=1
and
2
n t
/ |17|4’”Z/( exp[ asln|*( 1—f}2mu2 (t71/?n,7)dr| dn
R™ i=1 1—¢)

are the same. The upper bound is

- [1 — exp(—aze(n|*)”
Cot™™ {/ dn
R VR TS
. { sup [TH”/Q/ |u(x,T)|2dx]}
(1—e)t<r<t n

. { sup [T2m+n+6/2/ |(7A)m+(n72+6)/4A(x’ T)|2dX:| }

(1—-e)t<r<t

_ [1 — exp(—aze[n|?))?
+ Cgt™ {/ dn
’ " agfn|m+e

. {(1 s)lzg ., [THn/Z/ |A(X,T)|2dx}}

. { sup |:7_2m+n+5/2/ |(_A)m+(n—2+5)/4u(x, 7')|2dx] } ,

(1—e)t<r<t

for all real constants m > 0 and for all sufficiently large t.

Now let us do some further preparations.
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Lemma 3.2. Define the following complex auxiliary functions

n
A1i(n,t) = exp(—aq|n]?) Z nb1i (%)
j=1
t _ P n N
+ [ exp [l = D] Yo7, e
0 L 44
Jj=1
t _ P n
= [ e [P - D] S wam e . s
0 L 44
Jj=1

t r T 7 n —
4 / exp [—arln2( = D) S ny A A (¢, r)r
| exp |

1]«
Jj=1
t _ T
+ [ oo [~alPa- ) NSNS ()
0 L t71 |n| i
t _ _
T
—/ exp —011\77|2(1—Z) MQ ZZleThAkAl ,7)dr,
0 ) - k=11=1

t n
T —
A2z<77at) = _/ €xXp |:—041|7’]|2(1 - ;)j| anuiuj(t 1/2777T)d7—
0

j=1

t n
T —_— _
+ / exp [—al\r]|2(1 - ;)] anAiAj(t 12 7)dr
0

Jj=1
t
+ [ oo [~alPa- 7)) | |222nmukul £1/2, 7)dr
0 M ==
t
-
—/ exp [—041\77|2(1 *} 2 ZZﬁkmAkAlt Y2y, r)dr,
0 ==
Azi(n,t) = exp(—az|n|?) Z Ny (%)
=1
t
+/ exp[ asln)?( }Zm%” (t~'/2p, r)dr
0 o

t n
T - _
—/ exp [—az\WIQ(l—;)}ZmAiuj(t Y2, m)dr
0

j=1

t
/ exp [ sl (1 - = } anul (t~1/2n, 7)dr,
0

t n
T —_— _
Agi(n,t) = —/ exp [—042|77|2(1 - ;)} > Ayt Py, 7)dr
0

J=1

/t o [ asln)?(1— = } Z”ﬂ“l (Y2, 7)dr,
0
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for all (n,t) € R™® x RT and for alli=1,2,3,--- ,n, and

T'yi(n,t) = exp(—aa|n[*) Y mjdus; (¢ *n)

j=1
(1—e)t
/ eXp 041|77| 1 Y :| anwlzj t /2 )d
Jj=1
(1— s)t - _ n
/ p [—ailn*(1 - ) > g (2, 7)dr
0 L 42
Jj=1
r T n —
—|—/ p [—a|n*(1 — ?) Z?’]J'AiAj(t_l/Qn,T)dT
0 - |z
Jj=1
n
_ I o
+/ —Oé1|77|2(1—;) | ‘12 ZZ%mWw(t 1/2777T)d7'
0 ) SIS
(1=e)t 2 T\ M ~ A A (4—1/2
/ eXp 041|77| (1 - ;):| |77‘2 ZznknlAkAl(t_ 777T)d7-7
k=11=1

(1—e)t T
Toi(n,t) = —/ exp[ onln*(1 -~ } Zmuzug =12, 7)dr
0

(1—e)t . o
# [ e e - D] S m A e ndr
0 e
(1—e)t
+/ GXP{ arnf*(
0

n n
} n‘lg Zanmukul ~2,r)dr

k=11=1
(1-e)t )
2 T ] i
— exp | —a 1—--

| \\
i
i

memAx Ay (¢ 2y, 7)dr,

M:
M=

>
I

11

I
-

T3:(n, t) = exp(—aaln|?) > n;éa:; (t/*n)
j=1
a-e .
+ / exp _—a2|n|2<17>_2wm n,7)dr

(1—e)t - . n o
[ e [oalnP = D Y A 2 e

Jj=1

(1—e)t - _ n o
w0 e [caslP - D] S mu e
0 L E
j=1

(1—e)t - n .
Cutnt) == [ exp [~oalaP1= D] Son A 0. myar

j=1

(1—e)t
—|—/ exp{ asln)?(1 — = } anuZ (t=Y%n, 1)dr,
0

for all (n,t) € R® x RT and for alli=1,2,3,--- ,n
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Then there hold the following estimates.

(1)
|/ Inl4mZ|Au 0, ) 2dn — / |77|4"’Z|Fu 1, t)[dn
=1
_.j£,\nr“”jij\Alio%t>—-rlxn,tMan
" i=1
" 1/2
+2 {/R "™y (A, t) — Fli(n,f)|2d77}
" i=1
1/2
{/mln“”§:lru7k)dn} .
=1
2)
L/|WWE:MHWJW¢7‘4|WWE:W%WMFM
" i " i=1
/WMZMW% — T, 1) ey
n 1/2
2 {/R [ *™ > " [Aai(n, 1) —in(mf)|2dﬁ}
" i=1
1/2
{/ In\‘*mZIng m, )an} :
=1
(3)
‘ I |n|4mZ|A31 ety — [ 1" 3" [Tae . )2
=1
SAW“ZMWM—MWWM
" i=1
n 1/2
2 {/R [ *™ > [Asi(n, 1) Fsi(n,t)Ian}
" i=1
1/2
{/“|n“”§j|r&7ﬁ>dn} .
i=1
(4)

VWWmem%z/memW»m

i=1

_AWMmemfume

=1
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n 1/2
+ 2 {/}R [n|*™ Z [Aai(n,t) — F4i(77’f)|2d77}

i=1

1/2
{ / 7S L. 0) dn} .

i=1

These estimates are true for all real constants m > 0 and for all sufficiently large t.

Proof. It follows from the standard Cauchy-Schwartz’s inequality. The details
are very easy and they are skipped. O

3.2. The comprehensive analysis

The main purposes of this subsection are to make use of the elementary estimates
and the representations of the Fourier transformations of the global weak solutions of
the Cauchy problems for the n-dimensional incompressible magnetohydrodynamics
equations (2.1)-(2.4) to establish optimal estimates for

[ Iamaenpax [ 1o s - vix o) Pdx
[ aramoPax [ -2 A - B o) Pdx

for all constants m > 0.
For each of the four integrals, there will be two parts in the upper bound. The
terms in the first part come from the integrals

n (1—e)t ’

/ |n‘4m Z / exp |:_Oé|n‘2(]- _ ¥):| ...... dT dn.
R~ iz |J0
The terms in the second part come from the integrals
n t 2

T
|7)|4m / exp {—Oé|77|2(1 — 7)] ~~~~~ dr| dn.

/R" ; (1—e)t 3

The comprehensive analysis will play very important roles when we accomplish
the primary decay estimates and the improved decay estimates with sharp rates
for all order derivatives of the global weak solutions of the magnetohydrodynamics
equations (2.1)-(2.4).

Lemma 3.3. Let the positive constants 0 < § < 4 and 0 < e < 1. Let the constant
m > 0. Then there hold the following estimates

gemriin/2 / [(—A)™u(x, t)[dx

< g L, (201 anZ{/ 6115 (x >|dx}2

=1 j=1

n n

( - / In|*"*2 exp(—2a1/n|? anZ{/ / V145 (x, 1) |dxdt}

i=1 j=1
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292 oo 2
+ — / |n|*™*2 exp(—2a1e|n|?)dn { u(x t)|2dxdt}
(27T) R™ 0 R™
22 oo 2
+ o= / [n[*™ T2 exp(—2a1€|n|?) dn{ A(x t)|2dxdt}
(27'[') R™ 0 ]Rﬂ

11Cy [1 — exp(—auen]?)]
d
* @ty {/ T "

ZZ sup { m+(3n+2+9) /4/

o1 o1 (1—eyt<r<t R"

22Cy [1 — exp(—aueln]?)]
d
G L e
. sup [TH'"/Q/ |u(x,7‘)|2dx}
(1—e)t<r<t n

. { sup |:7_2m+n+6/2/ |(_A)771—&-(71—2-1—6)/411()(7 T)|2dX:| }

2
m+ n— 2+5)/4w1 J(X) 7')|dX:|

(1—e)t<r<t

L 220 / [1feX})2(*0415|77|2)]2dn
2rt)n | Jgn affn|n+o

. { sup [Tl+n/2/ |A(Xv7')2dx]}
(1—e)t<r<t n

. { sup [T2m+n+5/2/ |(7A)m+(n72+6)/4A(x’ T)|2dX:| } ,
( n

1—e)t<r<t

gmatin/2 / [(=A)" [u(x, ) = v(x D) Fdx

<

Rn
16 o0 2
< n/ | +? eXp(2a1€|nl2)dn{/ / |u(x,t)|2dxdt}
(27T) R™ 0 R”
16 o 2
+ (27r)"/R In‘*m*zexp(—?alslnlz)dn{/o / |A(x,t)|2dxdt}
16Co - exp(—a15|77|2)]2d
+ (2rt)" a2|n[n+e n
" iln
: {(1 s)lig ., [TH‘"/Q/ |u(X,T)|2dx}}
—ENISTS n

sup |:7_2m+n+6/2 / |(_A)'m—&-(n—2-i—§)/4u(x7 T)|2dX:| }

(1—e)t<r<t

16Cy [1-— exp(—a15|77|2)]2d
+ n 2|0 |n+d n

2mt) n ailn|

sup [71+"/2/ |A(X7T)2dX:|
(1—e)t<r<t n

sup [T2m+n+6/2/ |(—A)m+(n72+§)/4A(X, T)|2dX:| } ,
(1—e)t<r<t n

—~

—N
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for all positive constants 0 < § < 4 and 0 < ¢ < 1, for all m > 0 and for all
sufficiently large t, the positive constant Cy = Co(m,n) is independent of (a1, a2),

(0,€), (D135, P2i5), (V1ij,%2i5), (W0, Ag), (f,8), (u,A) and (x,t).

Proof. First of all, there hold the following representations for the Fourier trans-
formations of the global weak solutions

n
t1/2ai(t_1/2777 t) — ieXp(-Oé1|7’]|2) Z ,r]]¢1” (t_1/27’])
j=1

t - .
+i/ exp |—aq|n*(1— ) Zw/)m n,7)dr
P |

=19

t _ _ n
) T L
~i [ exp [l = D] Yo w1 o rydr
0 - S =
Jj=1
t _ n
. T
i [ exp a1 D] Som A ¢ A rdr
o I 14
Jj=1
t - -
. _ 201 T 1/
+1/0 exp | aq|n|*(1 t)_ |77|2 E 5 nemagu(t =0, 7)d
k=111
t - -
. 2 T 1/2
_ _ 1— = AR At~ dr,
1/0 exp | az|nl( t)_ |77|2 gl;lnm kAL ,T)

t12%,(t %, t) = iexp(—au |n|?) an¢1ij(t_1/277)

w1 [ o [l - D }Zwm . 7)dr

for all (n,t) € R® x RT and for all 4+ = 1,2,3,--- ,n. The representation of the
Fourier transformation of the global weak solutions follows from Assumption (A6)
and the change of variables n = t'/2¢, where € € R” and 7 € R".

Let the positive constants 0 < § < 4 and 0 < € < 1. Let the constant m > 0.
Let time ¢ > 0. Then by coupling together the Parseval’s identity, a simple property
of the Fourier transformation, the change of variables 7 = t/2¢, the representation
of the Fourier transformation #/2%;(t='/21,t), the decomposition [0,¢] = [0, (1 —
e)t] U [(1 — e)t,t] and the eighteen elementary estimates, we have the following
computations and estimates

t2m+1+n/2/ |(—A)mu(x7 t)|2dX

t2m+1+n/2

- g [ e ok

1 e
- T / Il /2820, )Py

1 e o
=y [ WSS R R )y
" i=1




838

L. Zhang

-

J

+

+

+

S—

- (@2m)n

n

i=1

1 . _
771/ nl*™ > lexp(—an [n|?) anqut Y2n)
7'() Rn i=1 j=1
t - ) P
exp [—a1|n|*(1 - ?) Znﬂ/}lw(t Yz 1, 7)dr
] =
K I 2 T 1/2
exp _7041|77| (1- E) anuiuj(t* 12y, 7)dr
t r T n —
exp | —aq|n|?(1 — ) > A A (7, m)dr
] =
i -
exp |—aa|n|*(1 - E) | |2 ZZﬁkmukul l/zn,T)dT
- S ==
, 2
T
ex [ ax|nf*( } | |ZZZ771€771A1€A1 t=Y2y, 1ydr| dn
M ==
1 n

/ "™ > lexp(—au|n[?) Y nyéi; (¢ 2n)
R -
Jj=1

(1—e)t _ o n R
[ e ol = D] Y e rar
_ J2
(1—e)t _ o n
- [ e a0 = D] Sy 2 e
_ J2
(1—e)t _ s
[ e ol - D] AL 0 e
_ J2
(1—e)t - ) . /2
+/ exp | —aa|n*(1 = 3), |77|2 ZZﬂkmukul 2y, r)dr
0 k=11=1
(1—e)t - .
7/0 exp _7041\77|2(1 - E) |77|2 ZanmAkAz =12y, 7)dr
k=11=1
t - T R B
o[ e [alPa-7) S B (2, )
(1—e)t : et
t _ T n
[ e [P - D] Y wam e e
(1—e)t : et
t - .
T
+ /(1€)texp _—a1|17|2(1 — ;) Z St Y2y rydr
t _ n n
T
+ / exp [~aalm 21— D] 2 S0 (2, 7)d
(1—e)t - n[? =1 1=1
n n 2
i

—anln? (1= 3)]

szz nem Ap AtV 2, 7)dr| dn
k=1 1=1
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11 < RS
< o [ > exp(-onl >;nj¢uj(t ol an
2
11 4m & (1—e)t
- W /]R" i ; /0 exp { ai|nl*( } Znﬂﬂlu V2 7ydr| dny
2
11 am n (1—¢)
* s fo 2 | e[l }Zmuzu] 2, 7)dr| d
2
11 4 - (1_6)t 2 T n — 1/9
t e L[ e [ D] A nar) an
R i=1 "0 =
11 / 4 n (1—¢) , - i
+ S [ e [aPa - 7))
@m)" Jae ; 0 ¢/ [y
n n 2
: szlkm@l(t_lﬂn,r)dr dn
k=11=1
n (1—e)t - ‘
l i
+ / 4m / exp {_a 772 1~ }
o 2 = D] ot
n n 9
SN e A Ay (2, m)dr | dy
k=11=1
11 n t _ I 2
+ (27[-)”/]1% |n|4mz / eXp _—Oél|’l7|2(1 — z)_ anwlij(til/QT],T)dT d77
n 1 Ja-ey =
2
T / |77|4m§n: /t exp |—au 21— )] i”'m'(fmn Pdr| dy
" J =g )
(277) R™ o1 |/ a—e)t L t’] =
11 n t _ . 2
_ 4m _ 2 1-— = AA t 1/2 d d
+ (27m)n /Rn il ; /(ls)texp i a|n|*( t)_ ;77] 5( ,7)dr| dn
11 / A n t , —
b | [ e [P - T
2m)" Jgn ; (1—e)t '] Inf?
n n 2
: ZZUWz@z(flﬂnﬁ)dT dn
k=11=1
11 ) - -
_ -]
g LI exp [—anln(1 - 7)

: ZZﬂkmz‘l/kZI(t_l/zn,ﬂdT
k=1 I=1

2

1oy ME
2

dn

= 2y e L ep(-2a anZ{/ 6114 (x ldx}2

i=1 j=1
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( o / |2 exp(—2a1£|n|? dTIZZ{/ / [t xtdxdt}

1=1 j=1

22 2
+ (2 n/ |17|4m+zexp(2a16|77|2)d77{/ / u(x,t)dedt}
7T) o Jre
2
( T / |n[*™T2 exp(—2a1€|n|?) dn{/ / (x,1)] dxdt}
0
11Cy [1 — exp(—aueln|*)]”
d
e e

2
ZZ sup { et (3n4248) /4 / Ay =240 /o) dx]

=1 j=1 (1—e)t<r<t

29 1 — exp(—azeln|2)]?
L 20 ([ D-ertndi)?,,
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(1—e)t<r<t

22 1— exp(— 2))2
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. sup {TH"/z/ |A(X,T)|2dx]
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. { sup |:7_2m+n+5/2 / |(7A)m+(n72+6)/4A(X, T)de:| } 7
( n

1—e)t<r<t

for all positive constants 0 < § < 4 and 0 < € < 1, for all real constants m > 0 and
for all sufficiently large t.

Recall that there holds the following representation for the Fourier transforma-
tion

2 @ (2, ) — o 2t )]

t
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0
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t
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=i [ e [Fauhia - D] S 3D e A 2 e
0

k=11=1
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for all (n,t) € R" x RY and for all i = 1,2,3,--- ,n. Now
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| {(l w e | A<X”>'Qd"”

. { sup |:7_2m+n+6/2/ ‘(—A)m+(n72+§)/4A(X, T)QdX:| } ,

(1—e)t<r<t

for all positive constants 0 < § < 4 and 0 < € < 1, for all real constants m > 0 and
for all sufficiently large ¢t. The proof of the lemma is finished now. O

Lemma 3.4. There hold the following estimates

t2m+1+n/2/ |(—A)mA(X, t)|2dX

M=
NE
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d
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2
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1—e)t<r<t

I
T Ve g 7

sup [TH"/Q/ |A(X,T)2dx]}
(1—e)t<r<t n

sup |:7_2m+n+6/2 / |(_A)m—&-(n—2+6)/4u(x7 T)|2dX:| } ,
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—N
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4

< Am+2 2 / / t)|?dxdt
< g [ exn2anctian [T [ juxoPax
+ 4n/ ]2 exp(—2azeln|*)d {/ /

2m)™ Jgn
4Cy / [1 — exp(—azen|’))* |
" Gty g

sup 1+”/2/ |u(x,7‘)|2dx]

(1—e)t<r<t n

sup 2m+n+6/2/ |(—A)m+(n_2+6)/4A(X7 T)|2dX:| }
(1—e)t<r<t n

(x,1)] 2dxdt}

n 4Cy / [1 —e>q;(—0125|77|2)]20177
@mt)™ Jrn agln|"+o
. { sup [7’1"’"/2/ |A(x,7)|2dx}}
(1—e)t<r<t n

. { sup |:T2m+n+6/2/ |(A)m+(n2+5)/4u(x,7_)|2dxj| } ,

(1—e)t<r<t

for all positive constants 0 < § < 4 and 0 < ¢ < 1, for all m > 0 and for all
sufficiently large t, where the positive constant Cy = Co(m,n) is independent of
(a17a2)7 (57 5)} (¢1ija¢2ij)) (wlijvaij)7 (u03A0)> (fag); (U,A) and (Xa t)'

Proof. First of all, there holds the following representation for the Fourier trans-
formation

£2 7, (6712, 8) = iexp(—aslnl?) S njdai (72
J=1

t
—i—i/o exp{ asln)( }mem (t~ L2y ,7)dr
j=1

+ n
. T -, _
_1/ exp [~ el (1 - ;)} > A (Y2 7)dr
0

j=1

+ n
. T -, _
+1/ exp {—a2|77|2(1— ;)} > niAjui(t™?n, m)dr,
0

j=1

/2 B;(t™"*n,t) = iexp(—aa|n|?) Z njhaij (t~ /%)
j=1

t n
. T -~ _
i [ exp [~ashnlP(1 = D] Yoyt rha
0 .
j=1

for all (n,t) € R™ x RT and for all i = 1,2,3,--- ,n. The representation follows
from Assumption (A6). The proof of the lemma is very similar to that of Lemma
3.3. The details are skipped. O
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3.3. The primary decay estimates

The main purpose of this subsection is to make use of the comprehensive analysis
and the elementary decay estimates to prove the primary decay estimates with sharp
rates for all order derivatives of the global weak solutions of the Cauchy problems
for the n-dimensional incompressible magnetohydrodynamics equations (2.1)-(2.4).
The Proof of Theorem 2.4: Recall that there hold the elementary decay esti-
mates with a sharp rate:

sup {t1+”/2/ lu(x, t)|2dx} < 00, sup {t1+"/2/ |A (%, t)|2dx} < 0.
t>0 n t>0 n

Recall also that there exists a sufficiently large positive constant 7', such that there
hold the following estimates

sup{ [ I-6)"atx 0P| < .
sup{ [ 107" A 0Paxf < .

t>T

for all positive constants m > 0.

Lemma 3.5. Suppose that Assumptions (A1) - (A7) hold. Then there hold the
following primary decay estimates with sharp rates

sup {t2m+1+"/2/ (A)mu(x,t)zdx} < 00,

t>T

sup {t2m+1+"/2/ [(—A)™A(x, t)|2dx} < 00,

t>T

for all positive constants m > 0.

Proof. We make use of the estimates in the comprehensive analysis. Let k > 0 be
a real constant. Multiplying the first estimate in Lemma 3.3 and the first estimate
in Lemma 3.4 by ¢t~", we have the following estimates
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|

2
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9224+ N o0
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2
+ 2n) A(x,t)|2dxdt}
)" n

11C,t—" {/ [1fexp(*ozlsln\z)]QOh7
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2
ZZ sup |:m+(3n+2+5)/4/ (=) M=280 /4y, (x, T)|dx]

=1 j— 1 (1= e)t<r<t
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and the following estimates
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| {u w e | 'A<X”>Qd"]}

. { sup |:7_2m+n+5/2/ |(_A)m+(nf2+6)/4u(x7 T)|2dx] } ,

(1—e)t<r<t

for all positive constants 0 < § < 4 and 0 < € < 1, for all real constants m > 0 and
for all sufficiently large t. The constants Cy = Cy(m,n) in all the above estimates
have the same value. In particular, Cy is independent of (a1, 2), (6,¢), (@115, ®2i5),
(Y135, %2i5), (w0, Ao), (£f,8), (u, A) and (x,t). Moreover, it is independent of .

Let us iterate these estimates for finitely many times to establish the primary
decay estimates with sharp rates for all order derivatives of the global weak solu-
tions of the n-dimensional incompressible magnetohydrodynamics equations. Even
though the order of the derivatives in

[ aruenpa [ o)A Pax

which appear on the left hand sides of the above estimates is not the same as the
order of derivative in

/ (- Ay Ay o 1) 2, / |(— Ay A2/ A (¢ r)Pdx,

which appear on the right hand sides of the above estimates, we may use the decay
rate r; = i(1 4+ "T_‘S) obtained in each step, because the rate obtained in each step
is independent of the order m and the order m + (n — 2 + §)/4. Each step of
iteration will increase the decay rate by 1+ 3(n—4) > 0. By the iterations, we may
establish the primary decay estimates with sharp rates for each positive constant
m > 0. Precisely, let r; be the rate of decay we will obtain, when we let kK = Ky,
where i = 1,2,3,--- , M, and M is a finite positive integer. We have the following

iteration process

) -4
51:2m+7, 7"1(1+n ),

2

1) ) )
/{2:2m—|—2—<1—|—n2 >, 7‘2=2<1+n2 >7

/{3:2m+g—2<1+n;6>, T3:3<1+n;6),

n4:2m+g—3<1+”;5), ry = <1+”;5),

W:2m+g—(Mf1) <1+”;5>, rMM<1+n;6>,

where M is the largest positive integer, such that

n —

5
M(1+ )<2m+1+§.

If
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then we have finished the iteration process and we will stop right there.

If

M(l—&-n2_6)<2m+l+g<(M+1)( ";5>,

then

-9
KM:2m+1+Z—M( )
n
2’

_5
rM:M(l—i-n2> <om+1+

2m+§<M<1+n;5>.

2

We will iterate once more by letting xp;41 = 0, to get the optimal rate of decay
rym+1 = 2m + 1+ n/2. The proof of the lemma is finished now.

The primary decay estimates with sharp rates for all order derivatives of the
global weak solutions of the n-dimensional incompressible magnetohydrodynamics

equations are established now. The proof of Theorem 2.4 is finished now.

3.4. The fundamental limits

O

Now we are ready to make use of the elementary estimates and the primary decay es-
timates to establish several fundamental limits for the n-dimensional incompressible
magnetohydrodynamics equations. These limits are true for all constants m > 0.

Lemma 3.6. Let n € R™. Then there hold the following limits.

(1)

Jlim eXp(—allnF);mfbm(t’”zn)

(1—e)t

“
e
“
“

XP

xp

(1—e)t
Xp

e

e

e
(1—e)t
e

Xp

(1—e)t n n
—/0 6 exp[ ar|n|*( ] BE ZZ mem AR Ayt 2y, 7)dr

CY1|,’7| } anwhj t /2777 )d
Jj=1
21— TV S (12 1
—a|n]*( t) anuluj( n, 7)dT

T —_— _
[—aui?(1 =) DAL e i

—a|n*( }T)‘Q ZZ%UWWM Y2, r)dr

k=11=1

k=11=1

— exp(—aalnl?) Zm{ / e A e
Rn,

}



Exact Limits and Improved Decay Estimates 849
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0
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_ 2\ ~
—exp(-aali®) Yon { [ omstitxt [ [ v iaxar
= Rn o Jre
_/ / Ai(x,t)uj(x,t)dxdt—l—/ / ui(x,t)Aj(x,t)dxdt}
o Jrn o Jrn
= exp(—az[n*) Y Aaijny-
j=1
(4)

lim
t—o00

(1—e)t
[ e [—ashuPa -
0

T n —_— _
D] D ni A (¢ 2, )

Jj=1

(1—e)t
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0

n

= exp(—as|n|?) Z

{ / / xtu]xtdxdtJr/ / u;(x,t)A xt)dxdt}

= —exp(—az[n[*) Z P2ij-

j=1

Proof. By using the elementary estimates in Lemma 3.1 and Lebesgue’s domi-
nated convergence theorem, it is easy to prove these limits.

Lemma 3.7. Define the following complex auxiliary functions

[1i(n,t) = exp(— a1|77| an(blm 12 n)
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e
e
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€
e

(1—e)t
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O
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(e [ Tl e ——
’ / exp [ el - 7 > on A Ay (P, rydr
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+/ exp | —an|n?(1 = )| = Zmeukul (=2, r)dr
’ ) b |77\ k=11=1
(1—e)t B .
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n
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0 - S

(1—e)t _ o n o
+ / exp [~ 2 (1= D) Ym0, 7)ar,

(1—e)t . n o
Putnt) == [ exp [~oalnP1 = D] Son A 20, myar

(1—e)t
+/ exp{ aa|nl?( 177 } anul (t7Y%n, 7)dr,
0

for all (n,t) € R™ x R™ and for all i =1,2,3,--- ,n, with n # 0.
Then there hold the following limits

: 4m
tlggo{/ Il Z|Flz (n,0)] dn}
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2

:/ [n[*™ exp(=2a1n|*) >~ > Auigny + ZZPlkmkm dn,
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: 4m
tlggo{/ Il ZIF@ n, 1) dn}

=1

2
n n
=/ [ *™ exp(=2as|n*) > 1> poign;| dn,
RTL

i=1|j=1

where we recall that the parameters
o0
i = / $1ij(x)dx +/ Y155 (x, t)dxdt,
R 0 Rn

g = /]R P15 (x)dx + /0 N / b (x, )t
_ /0 ~ / s, ) (x, Hdxdt + /O b / il )4 (x, )t

P1ij 2/ / ui(x,t)uj(x,t)dxdt—/ Ai(x,t)A;(x, t)dxdt,
0 n o Jrn

and

aij :/ ¢>2ij(X)dX+/ oi;(x, t)dxdt,
R™ 0 R™

)\2ij :/ ¢2ij(x)dx+/ / ¢21j(x, t)dth
/ Ai(x,t)u;(x,t) dxdt+/ / ui (%) A (x, t)dxdt,
R™ n
P2ij :/0 / Ai(x,t)uj(x,t)dxdt—/o / u;(x,1)Aj (x, t)dxdt,

foralli=1,2,3,--- ,nandj=1,2,3,---,n

Proof. It is easy to apply the elementary estimates (1) - (10), the limits in Lemma
3.6 and the Lebesgue’s dominated convergence theorem to prove these limits. The
details of the proof in this lemma are very simple and they are omitted. O

Lemma 3.8. There hold the following limits

Jim { /| |n|4mZ|Ah n.0) dn} ~ lim { /| |n|4mi|ru<n,t>|2dn},
Jim { Inl‘“”ZIAzz n,t)| dn} {/ |77|4’”Z|F21 n,t I2dn},
tlggo{ I‘“" |A3i(77>t)|2d77} = Jim {/n Inl4mi§r?lfsi(mt)lzdn},
tlggo{ |4m |A4i(777t)|2d77} = lim {/R Inl4mglf4i(n,t)l2dn},

for all real constants m > 0.
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Proof. The proof of these limits follows from the application of very simple ideas,
such as the squeeze theorem, the estimates in Lemma 3.2, the elementary estimates
(11)-(18) in Lemma 3.1 and the limits in Lemma 3.7. The details are skipped here.

O

3.5. The computations of special integrals

Lemma 3.9. There hold the following identities.

(1)

n n

/ In|*™ exp(—2aa[n*) > 1> Aaign; + |2ZZp1kmkm dn
R i=1|j=1 =1 1=1
1 4Am+2 2
= — mTs exp(—2a d
gy Ll el 20 o)
D) SIS 9 3N I ) ¥
=1 j=1 i=1 j=1 i=1 i=1

(2)

2
n

n
/, In|*™ exp(—201 ) > |= > prijn; + " IQZmemkm dn
. P

i=1 k=11=1

2
1 4m—+2 2 - - 2 -
n(n+2) / Il exp(=2aslnf*)dn n ) D ol ;Zl: P1

i=1j=1

(3)

n

2
/ Inl*™ exp(—2azln®) 3 3 Aaiyms|
R» N
j=1

i=1

1 m
=5/Rn | +2 exp(—2az|n|*)dn ZZAQU

=1 j=1

(4)

2

/|7/|4me><p —2as[n|?) ZZP%‘TU dn
Rn

i=1 |j=1

1 m
L e 2l S5

1=1 j=1

Proof. They follow from very technical, tedious computations. To save space, the
details are omitted. O
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3.6. The exact limits

The main purposes of this subsection are to make complete use of the fundamental
limits and the computations of the special integrals to accomplish the exact limits for
all order derivatives of the global weak solutions of the n-dimensional incompressible
magnetohydrodynamics equations:

i (et [ ayranpax) = Lo,

t—o00 n -+ 2)
Jim {t2m+1+n/2 / (=2l ) = v, t)]?dx} = mIl(m)lCl,

and
lim {t2m+1+n/2 [ 1armac t)|2dx} —Llma,
n n

i {24072 [ )M A G 0 - Bl ] Pax | = 2 Ta(m)Ka

for all constants m > 0.

Recall that (u,A) = (u(x,t), A(x,t)) represents the global weak solutions of
the magnetohydrodynamics equations (2.1)-(2.4), and (v,B) = (v(x,t),B(x,1))
represents the global smooth solution of the linear heat equations (2.5)-(2.8), with
the same initial functions (ug, Ag) = (ug(x), Ag(x)) and the same external forces
(£,8) = (E(x.1), g(x.1)).

The Proof of Theorem 2.1: Recall that there hold the following semi-explicit rep-
resentations for the Fourier transformations /2%, (t=1/2n,t) and t'/2A;(t=/?n,t):

n
t1/2ai(t_1/2777 t) — ieXp(-Oé1|7’]|2) Z T]_]¢17,] (t_1/27’])
j=1

t i _ n

+i/ exp | —a1ln*(1— )| D njtbui; (¢ 20, 7)dr
0 . 1z
Jj=1

t _
- i/ exp —a1|7]\2(1 -
0 L

=1

-n
)Y (72, 7)dr
P

SO

t _ - n
. T AT f—
i [ exp a1 D] S m A (¢ A rdr
0 L 1<
J=1
¢ i ;
. T
+ 1/ exp |—aq|n[?(1 = =) 5 Zanmukul 2, )dr
0 — t |77| i
t i ;
. T
- 1/ exp |—arn’ (1 = )| 3 ZZUWlAkAz ,7)dT,
0 - t |77| i

2 A (4%, 1) = iexp(—azln]?) Znﬂbzm (1)

+i/0texp [—azln\z(l }mezm (t=%n,7)dr
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(@t 1/2 ,7)dT,

t
+i/ exp[ a2|n\ }
0

for all (n,t) € R® x R* and for all i =1,2,3,--- ,n

By coupling together the Parseval’s identity, a simple property of the Fourier
transformation, the change of variables 7 = t'/2¢, so that |2 = [£]*t and dn =
t"/2d¢, where € € R™ and n € R™, the representation of the Fourier transformation
tl/zﬂi(t_1/2n7t), and the results of Subsection 3.1, Subsection 3.3 and Subsection
3.4, we have the following computations

lim {t2m+1+”/2/ |(A)mu(x,t)|2dx}

t—o0
t2m+1+n/2 R
S [ opach

1 e
e L IR

{
{
- lm { o L il > 82 2, t>2dn}

- i/75 exp [fang(l } i iy i (Y2, 7)dr
O -:
2

=1

n

1 n R
(2m)" /R" [nl*" Z exp(—au [n|) ZﬁjﬁSlz‘j(fl/Qﬂ)

i=1 j=1

) Zm%u n,7)dr

|3

¢ i
+/ exp |—aq|n]*(1 —
o I

t _ _ n
T —
- [ oo [l = D] Y 2 rdr
0 s ]
t - T n B
+ [ exp el = 1] Yo m A A e o, e
0 - ]
t _ _ . n n
+ [ e [—aln? = D] 5 SN w2, 7)a
0 . £ In k=11=1
t n n 2
T B —_
R RS S e e
B k=11=1

o 1 s 2N~ -1/2
= Jim $ s [l D esp(anl®) S asbiste )

i=1

(1—e)t . n
e[l - D) St ar
0 =

(1—e)t . n
- [ e a0 - D] Y wam e ndr
0 =
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(1—e)t . n o
[ e ol - D) A (e

j=1
(1—e)t ’ n.on
R ) b5 S maaae . e
M ==
(1—e)t - n; n o n o 2
/ exp Oz1|77|2(1—?)} ‘77|Z2 annlAkAl(t_l/QnyT)dT dn
k=1 1=1

- W / Il exp(—2an )

an |:/ ¢lzj dX + / - ql)lij (X7 t)dth

=1 |j=1

_/ /wuZ_(X’t)uj(th)dde/m . Ai(x7t)Aj(x,t)dxdt}

{/ /ukxtulxtdxdt / / AkxtAlxt)dxdt]

2

k:lll

1 ” ol
= @y /]Rn In|*™ exp(—2a1|n|*) Z A1ijn; + |2 szkmkm dn

i=1 |j=1 k=11=1

1 1 4m+-2 2
n(n +2) (2m)" /Rn Il exp(=2aafn|")dn

nZZAm—FQZZalU

=1 j=1 =1 j=1

1
= ml} (m)jl

The main ideas and the main steps of the proof of the second exact limit are
very similar to the proof of the first exact limit in Theorem 2.1. We provide all the
details for completeness of the paper. We have the following computations

i {21402 [ )t ) - v, 0]}

t—o0
) t2m+1+n/2 im . 9
I W/ €[ [G(E, 1) — 9(&, 1) ds}

(271r) / e R ) v 2”’t)]'2d"}

/ |77|4’"Z|t1/2 (2, t) — @(fl/%t)n?dn}

n

t
(2;),1 /Rn ity —/0 exp [ —aulnl*( }Zmu (171, m)dr

i=1

|
3
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t n
T —_— _
+ [ e [a0 - 1) Yo n A (2. e
j=1
t
+/ exp[ az|n)?( } | |222ﬂknlukult *n,7)dr
0 Kyt
t
T
- / exp [—al\vﬂz(l } 5 ZannkAkAl(t Y2y rydr
0 k=1 1=1
. 1 4 - (e 2 v 12
= lim W/Rnln\ ; —/0 exp[—alln\ (l—t)};muiw(t 1, 7)dT
(1—e)t ) -
+ [ e [—aiPa - D]
0

(1—e)t - .on
[ e a0 - D] 5 S w2, ryar

2
dn

n
UinAj (t71/2n, T)dT
Jj=1

0 £ Il k=1 1=1
t n n 2
T M e
N / P {7041'77'2(1 B E)] | ]|2 ZZ”kUlAkAz(f V2, r)dr| dn
(e M ==
1 4m 2
- (%)n I exp(=2au{nf*)
2771[ / / ulxtu]xtdxdt+/ / (%, 1)A xt)dxdt}
i=1 |j=1 " n
2
| 2 ZZ s {/ / ug (%, t)u(x, t)dxdt— / / Ap(x,t)Aj(x, t)dxdt] dn
k=1i=1 n
1 m
N W/ 1" exp(~2on %) Z Zﬂlzﬂb |2 ZZPlkmkm dn
Rn i=1 k=11=1
2
1 1 4m—+2 n
= s [ a2l a3 iy |3 o
' =1 j=1 i=1
! Iy (m)K
- T(m.
n(n +2) ! !

The Proof of Theorem 2.2: The main ideas and the main steps in the proofs of
the exact limits

lim {tz””H”/z [ 1armac t)|2dX} - Lnm.

t—o0

i {em e [ a) AR - Bl 0]Pix | = L Ta(m)k,

t—o0

are the same as those of Theorem 2.1. The details are skipped. The proof of
Theorem 2.2 is finished. ([
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3.7. The ratios of the exact limits

The main purposes of this subsection are to compute the ratios of the exact limits for
all order derivatives of the global weak solutions of the n-dimensional incompressible
magnetohydrodynamics equations (2.1)-(2.4).

Lemma 3.10. Let the positive integer n > 1, let the positive constant o > 0 and
let the real constant m > 0. Then there hold the following identities

Jan [[*™ T exp(—2a|n|?)dn = 4102 [ [4mF2 exp(—2a|n|?)dn,

4
7+ exp(~2aln|*)dn = CoEGIEEE o 2 exp(~2aln|*)dn.

S

The proof of the lemma is skipped.
The Proof of Theorem 2.3: The ratios of the exact limits for all order derivatives
of the global weak solutions follow from the results in Theorem 2.1, Theorem 2.2
and these identities. In fact, we have

{ lim {t2m+2+”/2 / ) |(—A)m+1/2u(x,t)2dx]}
lim {t2m+1+n/2 / [(—A)™u(x, t)|2dx} }
o L exn(-2anlalyin

{
{
/a2 en(-2aifan} = 2,
{
{
{

40&1

lim {t2m+3+”/2 / ) (=)™ lu(x, t)|2dx“
lim {t2m+1+n/2 / |(—A)™u(x, t)|2dx} }

(QW)n/ 77|4m“’16><10(—206177|2)dn}

1 4 2)(4 4
/ { / n|4m+2€xp(_2a1n|2)dn} _ ( m—+n+ )( m—+n+ )7
]R’n

(2m)» (4a)?
for all constants m > 0. Other ratios may be proved very similarly. The details are
skipped. The proof of Theorem 2.3 is completely finished now. (Il

3.8. The improved decay estimates with sharp rates

The main purposes of this subsection are to make complete use of the comprehensive
analysis and the exact limits for all order derivatives of the global weak solutions
to establish the following improved decay estimates with sharp rates

t2m+1+n/2/ |(=A)™u(x, t)2dx < A + Bit ™",
t2m+1+n/2/ |(_A)m[u(x7 t) _ V(X, t)]|2dx <Ci+Dyit™",

and

t2m+1+n/2/ ‘(—A)mA(X, t)|2dX < Ay + Bgt_n,
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gFm+itn/2 / (=) [A(x,t) — B(x,1)]|2dx < C + Dot ™™,

for all order derivatives of the global weak solutions of the n-dimensional incom-
pressible magnetohydrodynamics equations (2.1)-(2.4), for all positive constants
0<d<4and 0 < e <1, for all real constants m > 0 and for all sufficiently large
t, where

Ay = Ai(aq,6,e,m,n), Ay = As(aw, 6,2,m,n),
Bi = Bi(aq,d,e,m,n), By = Ba(aw, d,e,m,n),
C1 =Ci(a1,0,e,m,n), Co = Cay(z,0,e,m,n),
Dy =Dy(ay,0,e,m,n), Dy = Do, 0,,m,n),

are positive constants, which have been specified in the main results.
Recall that there hold the following estimates

2mtltn/2 / [(—A)™u(x, t)[2dx

n 2
| \4m+2 xp(—2a | \ )d { [145( |dx}
< @ / 7 exp(—2a | 772; / 2

=1
+ e L en(-2acPan S { [T ] |1/J1uxt|dxdt}

=1 j=1

22 oo 2
+ — / [n|*™*2 exp(—2a;|n|*)dn { / lu(x, t)|2dxdt}
(27T) Rn 0 n

29 oo 2
=y |n4m+2exp<2ale|n|2>dn{ / |A<x,t>|2dxdt}
(27T) R™ 0 n

L 1G / [1—6XI’2(_0‘15|’7|2)]2dn
@rt)" | Jpn af[n|m+e
n n

2
Z Z sup |:Tm+(3n+2+6)/4 / ‘(_A)m+(n72+5)/4,¢1ij (X, 7')|dX:|

i=1 =1 (1—e)t<r<t

2200 {/ [17exp(fa15|77|2)]2d }
oF [+ !

{ sup 1+”/2/ |u(x,7)|2dx}}
1—e)t<7<t n

sup 2m+n+5/2 / |(7A)m+(n72+6)/4u(xv T)|2dX:| }

(1—¢) t<-r<t

(
22 1— 2)12
{/ [ eXI;( ailnl )l dn}
(2 n ailn|"
sup 1+”/2 / |A(x,7-)2dx]}
1 Et<T<t n

{ sup 2m+n+6/2/ |(—A)m+(n_2+6)/4A(X, 7')|2dx:| } ,

1—e)t<r<t
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R S O eI

16 S 2
< s [ s en2actian{ [T [ juexnaxa
( 77) .
2
( =T / In|*™*2 exp(—2a1e|n|? dn{/ / (x,1)] dxdt}
1600 / [1 — exp(—aqe|n|?)]? d
" ety aglp|+o !
{ sup 1+"/2/ lu(x, T)|2dx]}
(1—-e)t<r<t n

sup 2m+n+6/2/ |<_A)m+(n—2+6)/4u(x, T)|2dX:| }

(1—e)t<r<t

1 1 — exp(— 2]2

4 16Co / [1 = exp alilnl 4
(2mt)™ n ag|n|nt

. { sup [7’1"’"/2/ |A(x,T)|2dx}}
(1-e)t<r<t n

. { sup |:T2m+n+6/2/ |(_A)7rz+(1172+5)/4A(X7 7')|2dX:| } ’

(1—e)t<r<t

t2m+1+n/2/ |(—A)mA(X, t)|2dx

7 n
< i [l exp(-2aalyP)n Y
Rn

< Gy 2. {L ot 'dx}2

7 / 4m—+2 2
+ n exp(—2ase|n|®)dn o, (X, t)|dxdt
@ Jun et Y { [ [ sty
2

M=

.

i=1 j=1

[e )

7
+7n/ |2 exp(—2azeln|? dn{
(27T) R™ 0 Rn

o'} 2
. 7 / [n|*™+2 exp(—2a0e|n|? dn{/ / (x,1)] dxdt}
(27-[-)71 n 0 Rn

7Co [1 — exp(—aqe|n|?)]
d
T @ {/ e

zn:zn: sup { mt(3n+2+6) /4/

i=1 j=1 e)t<r<t Rn

Co 1-
e

(27
. { sup [TH"/Q/ |u(x,7)|2dx}}
(1—e)t<r<t n

u(x,t)| dxdt}

—
[\

2
m+(n—2+5)/4,¢}2ij (X, 7_) |dX]
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. { sup [T2m+n+5/2/ |(7A)m+(nf2+6)/4A(x, 7')|2dX:| }
( n

1—e)t<r<t

7C’0 [1 — exp(—ase|n|?)]?
2 ntd dn
" " ag|n|
{ sup 1+”/2/ |A(x,7’)2dx]}
1—e)t<r<t n

sup 2m+n+6/2 / |(_A)m—&—(n—2+6)/4u(x7 7')|2dx] } ,

(1—¢) t<‘r<t

f2mt14n/2 /n [(—A)™[A(x,t) — B(x,1)]|?dx

4
< (277)”/R [+ exp(—2az¢y|*)d {/ / u(x, t) |2dxdt}
4 Am+2
2m)" Jen Inl exp(—2azeln|*)d A(x,t)|*dxdt
4Cy / [1 — exp(—aqe|n|?)]? a
" nt) a3+
{(1 e 1+n/2/ |u(X7T)|2dx]}
g T n

sup 2m+n+6/2/ |<—A)m+(n_2+5)/4A(X, T)|2dX:| }

(1—e)t<r<t

+

4 1 — exp(—aseln|?))?

L 4G / [ exp2( azilnl i
(2mt)™ n as|n|nt

. { sup [7’1"’"/2/ |A(x,T)|2dx}}
(1—e)t<r<t n

. { sup |:7_2m+n+6/2/ |(—A)m+(n_2+5)/4u(x,T)|2dx] } ,

(1—e)t<r<t

for all positive constants 0 < § < 4 and 0 < € < 1, for all real constants m > 0 and
for all sufficiently large t.
Recall that there exist the following exact limits

i 33 [ [ ayng el =B

=1 j=1
2
%, 2;21[”1“*"/2 /. |<—A>mwzz—j<x,t>dx} = Fa(m),
=17

1
li tl+’n/2/ t 2d R
v { R™ fuCx, ) dx n(n+ 2) 1007,
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1
: 2m+1+n/2 m 2
lim {t /n [(=A)™u(x, t)| dx} = 7( 2)I1(m)$7

t—o0

and

1
lim {t1+"/2 / | |A(x,t)2dx} = L0)%

t—o0

1
i {02 [ ayranax) = Lzom

t—o0

for all real constants m > 0.
By using the squeeze theorem, we have the following limits

n n ,
lim sup [Tm+(3n+2+5)/4/ _A m+(n72+5)/4¢ (x.7 |dx}
treo ;; (1—e)t<r<t n |( ) 11]( )
By + (n— 2+ 6)/4),
tlggo ZZ(I S)ltlg ., |:Tm+(3n+2+5)/4/ |(*A)m+(n72+6)/4¢2¢j(x, T)dx}
=1 j=1 —E)LSTS n

LR (m+ (n—2+0)/4),
1

lim sup [TH‘"/Z/ u(x, 7 2dx] = ——T7T:(0) 7,
Hm{(l_s)tw a7 T

lim { sup |:7_2m+n+6/2/ |(_A)m+(n—2+6)/4u(x’ T)|2dX:| }

=00 | (1—e)t<r<t

1
- mzl(m +(n—-2+9)/4)7,

and

=00 | (1—e)t<r<t

lim { sup [TH‘”/Q/ |A(x, T)|2dX:| } = %1-2(0);727

lim { sup [T2m+”+5/2/ |(—A)’”JF(TL_QH)/4A(X7 T)|2dX:|}

=00 | (1—e)t<r<t
1
= ~T(m+ (n =2+ )/,

for all positive constants 0 < § < 4 and 0 < ¢ < 1, and for all real constants m > 0.
Therefore, there exists a sufficiently large positive constant T, such that

n n 2
SN s [ [ apmeo e iy rlax

i1 jo1 (l—eyt<r<t

< 2E4(m+ (n—249)/4),

n n 2
SOY sy e [ apmeo e iy rlax

o1 o1 (1—eyt<r<t
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< 2Fy(m+ (n—2+0)/4),

2
14+n/2 2d <_ % 7.0
{(1_;32@ [T [ ) XH < B0

sup 7_2771—&-71—‘,—6/2‘/ |(_A)771—&-(71—2-1—6)/411(){7 T)|2dX:| }

(1—e)t<r<t
2
n(n + 2

2
{ sup 1+n/2 / |A(x,7’)2dx]} < ZT5(0) o,
1—e¢) t<-r<t n n
2

———Ti(m+ (n—2+49)/4)T1,

sup 2m+n+6/2/ |(_A)m+(n72+6)/4A(X, 7')|2dxi| }

(1—e)t<r<t

< EIQ(m +(n—2+0)/4)7,

forallt > T.
Define
110 = ZZ {/ |¢11] |dX} 5
=1 j=1
- ZZ{/ / Y135 (%, ¢ |dxdt} ,
=1 j=1 "

:{/ xt|dxdt}7
0 ]R"

3 {/O /n|1/}2th|dth} ,

1j5=1

A) = { | [ e t>|2dxdt} |

Fy(m) = lim {iz {tmﬂﬁ/z/ [(=) "4z (x, ’5)|dx} 2} ,

M=,

2

i=1 j=1
1 m
Tm) = s [l expl(~2alnf)dn,
(27T) Rn
1 m
Tam) = s [0l exp(-2enlal?)
]Rn
1 m
Tam) = g [ ™ exp(-2aalyl?)
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" 2 " 2
Ji = nZZ)\hJ +2220¢1” Zaml - [Z )\ml )
i=1 i=1

i=1 j=1 =1 j=1
Iz = ZZ@SW
i=1 j=1
[1 — exp(—aieln[?)]?
S1 = S1(a1,0,e,n) / dn,
1= il s
[1 — exp(—aqeln|?)]?
So = Sz, d,e,n) / dn.
2= Szl e agmps
Then define

Al = Al(ala 5755 m, n)

— 117, (m) {El(uo) | Ea(f) +5225:},+(1u+);/u2 2F4(A) } |

Bl = Bl(a176757m) T'L)
= 22Cy(m,n)S1(a1,6,e,n) {Es(m + (n — 2+ §)/4)

AT (OVTu(m + (n— 2+ 6)/4) _, ATy (0)Ta(m + (n—2+6)/4) _,
* n(n+2)P T w2 7}
Ci = Ciau,,6,m,n) = 1611(m)%,

Dy = Di(aq, 6,6, m,n) = 64Cy(m,n)Sa(as,d,&,n)
'{ [n(n -+ 2)2 s n? %}’

and

AQ - AQ(a276757m7n)

= TZ2(m) {FI(AO) + Fa®) i_anzi(ﬁr)z/—; Talw) } ’
By = Ba(ag, 0,6, m,n)
= 1400(777,, TL)SQ(O[Q, 5, g, n) {F4(m + (n -2+ 5)/4)

+ [Z1(0)Za(m + (n — 2+ 6)/4) +Ig(O)Il(m—i—(n—2+5)/4)]jljg} ,

2
n2(n+2)
Ez(u) + F3(A
Co = Ca(e,d,e,m,n) = 4I2(m)%,
16Co(m,n)
n?(n+2)
AL (0)Za(m+ (n—2+6)/4) + ()1 (m + (n — 2+ 6) /4) } T1.T>.

Dy = Dy(ag, b,e,m,n) = Sa(aa,d,e,m)

Remark 3.2. There hold the following relationships

1 m
[l exp(=2aneln)n = iz [0l exp(=2aana

1 m
/ n[*™ 2 exp(—2aze[n|*)dn = c2m+1+n/2 /]R i exp(=2azlnl*)dn,
Rn n



Exact Limits and Improved Decay Estimates 865

/ [1— exp(—oz1€|77|2)]2d B / [1— eXP(—|77|2)]2d
T] - 7]7

of|n|n+o || +o
1 — exp(—ase|n]?)]? 1 — exp(—|n|?)]2
/ [ p2( niﬁlnl )] dn=/ [ pv(mslnl )l a,
n azn| n ||

for all positive constants a; > 0, as > 0,0< 6 < 4,0 < e <1 and for all m > 0.

The Proof of Theorem 2.5: By coupling together the estimates in Lemma 3.3
and all of the above estimates, the proof of the improved decay estimates with sharp
rates

t2m+1+n/2/ |(=A)™u(x, t)2dx < A + Bit ™",
tzm+1+n/2/ [(—=A)™u(x, t) — v(x, )] |2dx < C; + D1t ™™,

for all order derivatives of the global weak solutions, for all positive constants 0 <
0 <4 and 0 < e < 1, and for all sufficiently large ¢, are finished now. O
The Proof of Theorem 2.6: By coupling together the estimates in Lemma 3.4
and all of the above estimates, the proof of the improved decay estimates with sharp
rates

{Fmtitn/2 / [(=A)™A(x, ) [Pdx < Ay + Bot ™™,
g2t lin/2 / (=A™ [A(x, 1) — B(x, t)][?dx < Cy + Dot ™™,

for all order derivatives of the global weak solutions, for all positive constants 0 <
0 <4 and 0 < e <1, and for all sufficiently large ¢, are finished now. (I

3.9. The linear results

The main purposes of this subsection are to establish the exact limits for the global
smooth solutions for the Cauchy problems for the heat equations, and to completely
finish the proofs Theorem 2.3.

Lemma 3.11. There hold the following exact limits for the linear equations

1
i {02 [yt npax) = Liomn,

t—o0

lim {t2m+l+n/2 / |(—A)mB(x,t)|2dX} = L2, (m)

t—o0

for all real constants m > 0, where

1 . n n
Tim) = e [ exp-2anln)an, T = 33 e
" i=1 j=1

1 . n n
To(m) = Gy [ 1 exp(=2alP)n. Ton = 303 oy

i=1 j=1
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Proof. First of all, there hold the following representations for the Fourier trans-
formations of the global smooth solutions

20,12, 1) = dexp(—an|nl*) > midui (120, 1)

Jj=1

+i/0texp[ o |n*( ]anwlm n, 7)dT

2BtV t) = iexp(—az|n|?) Z 77;'(/521']'(1571/217, t)
j=1

t n
. T > _
+i [ exp [—aalnP(1 - D)) Yo nidaie 0.7
0

Jj=1

for all (n,t) € R® x RT, where i = 1,2,3,--- ,n. The rest of the proof follows from
the estimates in Lemma 3.1 and Lemma 3.2 and the exact limits in Lemma 3.7 and
Lemma 3.8. The details are skipped because they are very easy. O

Lemma 3.12. There hold the following ratios

lim t2m+2+n/2 |(—A)m+1/2V(X, t)|2dX
t—o00 L n
 [L2mt14ng2 2 _4m+n+2
/9 lim |¢ [(—=A)"v(x,t)|“dx _—

t—00 4oy

{tlim {2m+s+n/2 / |(A)m+1v(x,t)2dx]}
— 00 n

i [ [ eayapa | - Gt Bt n D)

)

for all real constants m > 0. Moreover

{tlim 2mt2+n/2 / |(_A)m+1/213(x,t)|2dx”
—00 n

i [ [ oy par] - 10 12

t—o00 dag ’

{tli}m t2m+3+n/2/ |(—A)m+lB(X,t)2dX:|}

— [amt14ny2 Aym 9] :(4m+n+2)(4m+n+4)
/{)Hf}o _t /n|( A)"B(x,t))| dx_} o :

for all real constants m > 0.

Proof. The proof follows from the results of Lemma 3.10 and Lemma 3.11. The
details are skipped because they are very easy. O

The proofs of Theorem 2.1, Theorem 2.2, Theorem 2.3, Theorem 2.4, Theorem
2.5 and Theorem 2.6 are finished. The proofs of the main results for the magneto-
hydrodynamics equations are finished now.
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3.10. Summary

Consider the n-dimensional incompressible magnetohydrodynamics equations. Sup-
pose that the initial functions are divergence free and satisfy the following conditions

uy € CH(R™) N LY(R™) N L*(R™),
Ay € CHR™) N LYR™) N L*(R™).

Suppose that the external forces are divergence free and satisfy the following con-
ditions

f e C®[R" x RY)NL'(R™ x RT) N LYRT, L2(R")),
g € C®(R" x RY) N LYR™ x RT)n LYR™, L*(R™)).
Suppose that there exist real scalar smooth functions
¢1:5 € C*(R™) N L' (R™), 155 € C°(R" x RY) N L' (R™ x RY),
¢2ij € C*(R™) N L' (R™), thos; € C°(R™ x RY) N L' (R™ x RY),
forallt=1,2,3,--- ,nand j =1,2,3,--- ,n, such that

n

ZZ 8x 0m (/blm ZZ a wlu X t) O

=1 j=1 i=1 j=1
ZZ 8x 8:5 ¢21j ZZ a w2z] X t) 0,
=1 j=1 i=1 j=1

and that the initial functions and the external forces satisfy

.9 "9 .9
uO(X) = Z T%gﬁllj(X),Z 8 ]¢12](X), 72_: T@]Qﬁlnj(x) )
j=1 j=1 j=1
f(X,t) = Z P ¢11J(Xa t)7z %1/11% (th)v 72 %%m (X,t) )
j=1 j=1 " g=1
.9 "9 .9
Ay(x) = ; oz, ¢21j(X),; 87[:]%23(3() ,] 1 %jfﬁzn;‘(x) ;

for all (x,t) € R® x RY.
Then there hold the exact limits

lim {t2m+1+”/2 [ o t>|2dx} - L

tlg& {tzm+1+n/2 /n [(=A)™u(x,t) — v(x, t)]de} = mzl(m)lCl,

for all real constants m > 0.
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Moreover, there hold the following exact limits
1
tlim {t2m+1+7z/2 / ‘(—A)mA(X, t)|2dX} — 712(m)j27
[e'e) n n

i {2 [ a)m A - Bix 0]dx ) = Tk

for all real constants m > 0.
In these limits,

1 m
e [ ep(-2alyl)an,

J = nZZz\m JrQZZOélU Zalii] - lz )\m‘] )
i=1 i=1

Il (m) =

i=1 j=1 i=1 j=1
n o n n 2
2
Ki=n g E P1ij — E Prii|
i=1 j=1 i=1

where
Q14 :/ ¢1ij(x)dx+/ 15 (x, t)dxdt,
R™ 0 Rn
)\12’]’ = / ¢1ij(x)dx +/ w“j(x, t)dxdt
R 0 Rn

—/ / ui(x,t)uj(x,t)dxdt—i—/ / Ai(x,t)A;(x,t)dxdt,
0 0 n

P1ij :/ / ui(x,t)uj(x,t)dxdt—/ A (x,t)A;(x,t)dxdt,
0 n 0 Rn

foralli=1,2,3,--- ,nand j=1,2,3,--- ,n, and

1
()= [l exp(=2aanan

Zz)‘%’

=1 j=1

n n
_ 2
= Z Z P2ij
i=1 j=1

where

Qi =/ ¢2ij(X)dX+/ o5 (%, t)dxdt,
R™ 0 Rn

A2ij = / P2 (x)dx + / wzij(x, t)dxdt
/ Aj(x, t)u;(x, t) dth+/ / wi(x,1)A;(x, t)dxdt,

0 R™ n

P2ij :/ A;(x, t)uj(x,t)dxdt—/ / u;(x,1)A; (x, t)dxdt,

o Jrn 0



Exact Limits and Improved Decay Estimates 869

foralli=1,2,3,--- ,nand j =1,2,3, - ,n.
Additionally, there hold the following primary decay estimates with sharp rates

sup {t2m+1+"/2/ (—A)mu(x,t)zdx} < 00,

t>T

sup {t2m+1+"/2/ |[(=A)™A(x, t)|2dx} < o0,

t>T

for all real constants m > 0, where T is a sufficiently large positive constant.

Furthermore, there hold the following improved decay estimates with sharp rates
for all order derivatives of the global weak solutions of the n-dimensional incom-
pressible magnetohydrodynamics equations

t2m+1+"/2/ [(=A)™u(x,t)?dx < Ay + Bit™™,
t2m+1+"/2/ [(=A)™u(x,t) — v(x,t)]|?dx < C; + Dyt ",
$2m+14n/2 / [(=A)"A(x, 1) [?dx < Ay 4 Bat ™",
f2m+14n/2 / [(=2)™[A(x,t) — B(x,t)][?dx < Co + Dot ™",

for all positive constants 0 < § < 4 and 0 < € < 1, and for all sufficiently large t,
where

Ay = Ai(aq,6,e,m,n), Ay = As(an, 6,2,m,n),
By = Bi(aq,d,e,m,n), By = Ba(aw, d,e,m,n),
C1 =Ci(a1,0,e,m,n), Co = Cay(az,0,e,m,n),
Dy =Dy(ay,0,e,m,n), Dy = Do, 0,,m,n).

3.11. Remarks and open problems

Remark 3.3. The exact limits depend on the integrals of ¢1;; and ¢9;5, the inte-
grals of 11,5 and 195, and the integrals of the nonlinear functions u;u;, A;A;, Asu;
and u;A;. However, they are independent of

(1) the integrals of any order derivatives of the functions ¢1,; and ¢,
(2) the integrals of any order derivatives of the functions 1;; and 15,
(3) the integrals of any order derivatives of the functions w;u;, A;A;, A;u; and
u; Ay,
foralli=1,2,3,--- ,nand j =1,2,3,--- ,n.
Remark 3.4. The exact limits are increasing functions of the order m of deriva-

tives. The exact limits are decreasing functions of the diffusion coefficients a; and
9.

Remark 3.5. The exact limits of the global weak solutions of the n-dimensional
incompressible magnetohydrodynamics equations reduce to the exact limits of the
global smooth solutions of the corresponding linear equation, when the nonlinear
functions are dropped.
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Remark 3.6. It is known that the diffusion coefficients satisfy

1 1
o] = ﬁ>>042 R7M>0.

Therefore, the exact limits

tllglo {t2m+1+n/2/ (—A)mu(x,t)QdX}

increases much slower than the exact limits

lim {t2m+1+”/2/ [(=L)"A(x, t)|2dx},

t—o0

as the order of derivatives m increases.

Remark 3.7. The primary decay estimates with sharp rates for all order derivatives
of the global weak solutions of the incompressible magnetohydrodynamics equations
are true for all time, if there exists a global smooth solution; the decay estimates
are true for all sufficiently large time, if there exists a global weak solution.

Remark 3.8. Recall that there hold the elementary decay estimates with a sharp
rate for the n-dimensional incompressible magnetohydrodynamics equations

sup{(l +t)1+"/2/ u(x, Tb‘)IQdX} < %,

t>0

sup {(1 + t)1+”/2/ |A(X7t)2dx} < 0.

t>0

Therefore, there exist the following integrals

/ i / i, (x, t)dxdt,
/ | Al )4 (x, )dxdt,
/ / i(x, t)u; (x, t)dxdt,
/0 / i, 1) A (x, £)dxdt,

foralli=1,2,3,--- ,nand j=1,2,3,--- ,n

Remark 3.9. To make the positive constants

Ak :Ak(ak;67€7man)7 Ck :Ck?<ak76a€7man)

small, we would like to choose € close to 1, such as € = 0.99, for k£ = 1,2. To make

the positive constants

Bk:Bk(akadagaman), Dk:Dk(akya,gaman)

small, we would like to choose § close to 1, such as § = 0.99, for k =1, 2.
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Remark 3.10. The decay results are called improved decay estimates with sharp
rates, because after some time, t~" becomes arbitrarily small, so that we may almost
ignore

The positive constants
Ak :Ak(aka67€;m7n)7 Ck :Ck:<ak:76a57m?n)

have been represented explicitly in terms of simple integrals, for k& = 1, 2. Therefore,
the new estimates would have positive impacts to numerical simulations.

Open Problem: Suppose that the initial functions are divergence free and satisfy
the conditions

u € CHR™) N H*™R™),  Age CHR™)NH*™R").
Suppose that the external forces are divergence free and satisfy the conditions
f € C®(R" x RT)n L*(R*, H*™(R")),
g € C®(R™ x R*Y) N L*(RY, H*™(R")),

where m is a sufficiently large positive constant. The existence and uniqueness of
the global smooth solution

uc L®(R', H*™(R")), Vu e L>®(R", H*™(R")),
A € L®(R*, H*™(R™)), VA € L>°(R", H*™(R")),

have been open for a long time.
4. The incompressible Navier-Stokes equations

The Mathematical Model Equations and Known Related Results

Consider the Cauchy problem for the n-dimensional incompressible Navier-Stokes
equations

%ufaAu+(u~V)u+Vp:f(x,t), V-u=0, V-£f=0, (4.1)

u(x,0) = ug(x), V-uy=0. (4.2)

In the Navier-Stokes equations, u = u(x,t) represents the velocity of the fluid at
position x € R™ and time t € RT, p = p(x,t) represents the pressure of the fluid
at x € R™ and time ¢t € RT. The positive constant o > 0 represents the diffusion
coefficient.

Suppose that the initial function and the external force are divergence free and
satisfy the following conditions

u € S(R?), e C®R*xRT)NLYRT, L*(R?)).
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Then there exists a unique global smooth solution
u € C=(R? x RT).
It is well known that there exists a global weak solution
u e LR, L*(R")), Vu € L*(RT, L*(R")),

if the dimension n = 3,4,5 and if the initial function and the external force are
divergence free and satisfy the following conditions

u € CY(R™) N L*(R"),
f € C®(R" x RY)n LY(RT, L*(R™)).

Moreover, there holds the following elementary uniform energy estimate for the
global weak solutions

{/ u(x,t)QdX—&-Qa/ot/n Vu(x,7)|2dxd7'}1/2
{/ UO(X)|2dX}1/2 s [ e t>|2dx}1/2 dt.

Additionally, the global weak solutions become small enough and sufficiently smooth
after a long time. That is, there exists a sufficiently large positive constant 7", such
that

sup{ [ (-2 0Pax} < o

t>T

for all positive constants m > 0. Furthermore, there holds the following elementary
decay estimate with a sharp rate

sup {tH”/Q/ |u(x, t)|2dx} < 00.

t>0

Also consider the Cauchy problem for the corresponding linear equation

%v—a&v:f(x,t), V-v=0, V-f=0, (4.3)
v(x,0) = up(x), V-uy =0. (4.4)

The Main Purposes

For the n-dimensional incompressible Navier-Stokes equations, we will accom-
plish the following exact limits

lim {t2m+1+"/2/ |(—A)mu(x,t)|2dx},

t—o0

i {202 [ s e - vix o))

t—o0
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and then apply them to establish the improved decay estimates with sharp rates
t2m+1+"/2/ |(=A)™u(x, t)[2dx < A(a, d,,m,n) + Bla,d,e,m,n)t™",
t2m+1+"/2/ |(=A)™u(x,t) — v(x,t)]|*dx < C(a, 6,e,m,n) + D(a, 6,6, m,n)t ",

for all positive constants 0 < § < 4 and 0 < € < 1, for all order derivatives of
the global weak solutions and for all t > T', where T is a sufficiently large positive
constant.

For these purposes, we will prove the primary decay estimates with sharp rates
for all order derivatives of the global weak solutions

sup {t2m+1+n/2/ |(—A)mu(x,t)|2dx} < 00,

t>T

for all positive constant m > 0.

The Main Difficulties

The most difficult technical problems in the mathematical analysis are the con-
trol of the following integrals

2
n t _ . n
m T i —
/ eSS / exp [—aln2(1 = D) S njdhes (¢=2n, 7)de| dn,
n , (1—e)t - td<
=1 Jj=1
2
n t _ _ n
m T L
/ e / exp [—aln2(1 = )] Sy (¢~ V2, r)dr| dn,
R™ i=1 |V (1=t - ¢ j=1
4 g K [ 2 T\ "M e 1/2 ’
Lot SS| [ exp ol = D] 2 30 S w2y
R™ i=1 |/ (1—e)t - e LA

for all real constants m > 0, where 0 < ¢ < 1 is a positive constant.
We are able to use new ideas to establish the optimal estimates for these inte-
grals. In particular, we are able to use the following singular integral

L[ LeoCaditl,
n

(2m)" a?[n|"+o

and the primary decay estimates with sharp rates to obtain the best possible esti-
mates for these integrals.

First of all, we will apply iteration technique to get the primary decay estimates
with sharp sates for all order derivatives of the global weak solutions. Secondly, we
will couple together various ideas, methods and techniques to accomplish the exact
limits and the improved decay estimates with sharp rates for all order derivatives
of the global weak solutions.

The Mathematical Assumptions
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First of all, let us make the following assumptions for the Navier-Stokes equa-
tions. Let 0 < § < 4 and 0 < € < 1 be positive constants. Let m > 0 be a real
constant.

(A1) Suppose that the initial function and the external force are divergence free
and satisfy the following conditions

up € CHR™) N LY(R™) N L*(R™),
f e C®°R" x RY) N LYR™ x RY) N LY(RT, L*(R™)).
(A2) Suppose that there exist real scalar smooth functions
¢i; € C2(R™)NLYR™), oy € C°(R™ x RY) N LY(R™ x RY),

where 1 =1,2,3,--- ,nand 5 =1,2,3,--- ,n, such that

for all (x,t) € R™ x Rt.
This assumption is motivated by the incompressible conditions V - ug = 0 and
V - f =0, which imply that

[ we=o. [ fxoax=o,

for all t > 0, if ug € L*(R") and f € L'(R"), for all ¢ > 0. This assumption is also
motivated by the special structure of the nonlinear function (u- V)u.
(A3) Suppose that there exist the following limits

2
A ZZ[WH"” / |<A>%<x,t>|dx] = Ea(m),
1=1 j=1

for all real constants m > 0.
Here is a slightly weaker condition

2
apd 303 ez [ jeaymuiax|  <oc,
=1 j=1

for all real constants m > 0.
(A4) Suppose that there exists a global smooth solution

u € L>®(RT, H*™(R?)), Vu € L*(RT, H*™(R?)),
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if the dimension n = 2 and if the initial function and the external force are diver-
gence free and satisfy the conditions

up € CY(R?) N H*™(R?), e C™R?xRY)NL*RT, H*™(R?)).
Suppose that there exists a global weak solution
uc L>®(R", L*(R")), Vu € L*(R*, L*(R™)),

if n > 3 and if the initial function and the external force are divergence free and
satisfy the conditions

uy € CH(R™) N L*(R"), f e C*(R" x RY)n LY(RT, L*(R")).

(A5) Suppose that the global weak solutions become small enough and suffi-
ciently smooth after a long time. Namely, there exists a sufficiently large positive
constant 7', such that

u € L°((T,00), H*™(R™)), Vu € L*((T, 00), H*™(R")),

for all positive constants m > 0. That is

o 1oyt o) <o

/ / A" 2y (x, ) |2dxdt < oco.

(A6) Suppose that there hold the following representations for the Fourier trans-
formations of the global weak solutions

i(&,) = iexp(—al€?t) D &6, (€)

j*l

O‘|€‘ t_T Zfﬂ% 57

n

—|—i/ exp[—

~i [ expl-aléP (- 1) 3 & € r)dr
0 j=1

+i/0 exp[—

alél*( |f‘ ZZ S (€, 7)
k=11=1

= |£|2 D> G&aru(s

k=11=1

for all (£,¢) € R® x RT and for all 4 = 1,2,3,--- ,n. However, £ # 0 in the
representations of u; (€, t) and p(¢,t).
(A7) Suppose that there holds the elementary decay estimate with the sharp

rater =1+mn/2
sup {tHn/?/ lu(x, t)|2dx} < 0.
t>0 n
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The existence of the global smooth solution, the existence of the global weak
solutions, the existence of the local smooth solution on some unbounded interval
(T, 0) and the elementary decay estimate with the sharp rate r = 1+ n/2 and
other related results have been proved very well by many mathematicians. See
Beirao da Veiga [2], Bradshaw, Kukavia and Tsai [3], Fefferman [12], Feichtinger,
Grochenig, Li and Wang [13], Fujita and Kato [15], Heywood [16], Ji, Wu and
Yang, [17], Kato [20], Ladyzhenskaya [22], Lei and Lin [23], Lei, Lin and Zhou [24],
Leray [25], Li, Ozawa and Wang [26], Li, Tan and Xu [27], Lin [28], Lin, Suo and
Wu [29], Liu and Zhang [30], Miyakawa and Sohr [31], Oliver and Titi [32], Peng
and Zhou [33], Robinson [34], Maria E. Schonbek [35], Maria E. Schonbek and
Tomas P. Schonbek [36], Maria E. Schonbek, Tomas P. Schonbek and Suli [37],
Maria E. Schonbek and Michael Wiegner [38], Sverak [39], Temam [40] and [41],
Zhang [43]- [44].

The Main Results

Suppose that the assumptions (A1) - (A7) on the initial function, the external
force and the global weak solutions are true. There are two parts in the main results.

Part 1: The exact limits for all order derivatives of the global weak
solutions of the n-dimensional incompressible Navier-Stokes equations.

Theorem 4.1. There hold the following exact limits

lim {t2m+1+”/2/ |(A)mu(x,t)|2dx} S—
n n

i {02 [ Je0) ) - vl )P = Tk

t—o00 (n + 2)
for all order derivatives of the global weak solutions of the incompressible Navier-
Stokes equations.

In Theorem 4.1, the parameters are given by

1 m
Tm) = o [ 1" exp(=2alnf?)a,
EI03) RT3 SN ol I i
i=1j=1 i=1 j=1 i=1 i=1
n n n 2
K= nZprj - lzf%] )
i=1 j=1 i=1

where

i :/ ¢ij(x)dx+/ i (x, t)dxdt,
R 0 R”

Aij = ¢iﬂ'(x)dx+/ Yij (x, t)dth—/ / ui(x, t)u;(x, t)dxdt,
R™ 0 R™ 0

pij = / / wi(x, t)uj (x, t)dxdt,
0 n

foralli=1,2,3,--- ;nandj=1,2,3,--- ,n.
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Clearly
Qi = Aij + pij, Pji = Pijs
foralli=1,2,3,--- ,nandj=1,2,3,--- ,n.

Theorem 4.2. The ratio of the exact limits for the global weak solutions of the
Navier-Stokes equations is the same as the ratio of the exact limits for the global

smooth solution of the corresponding linear equation, for each constant m > 0. That
18

{tlim {Fmt2tn/2 / [(—2)™ 1 2u(x, t)[2dx }
—00 n ]

/ {tgrgo t2m+1+n/2/ |(—A)mu(x,t)|2dx }

— {flim t2m+2+n/2/ |(—A)m+1/2v(x,t)|2dx }
t— 00 n

] 4 2
lim t2m+1+"/2/ [(=A)"v(x,t)[2dx }: dmint2

t—o0

/

and

flim t2m+3+"/2/ |(—A)m+1u(x,t)|2dx}}

lim |¢2mHi+n/2 / |(—A)mu(x,t)|2dxH

t—o0

/

{
L

= { lim t2m+3+”/2/n |(—A)m+1v(x,t)|2dx”
{

t—o0

: 2m+1+n/2 . m 2 _ (4m +n+ 2)(4m +n+ 4)
lim (¢ /n [(—2)"v(x,t)] dx}} (da?)? ,

/

t—o00

for all real constants m > 0. Moreover

{am |emeere [y uen - vis ol Pax] |

/ {}E& ameiiny2 /n [(—2)™[u(x,t) — v(x,t)}|2dX”

— {tlim t2m+2+n/2/ |(_A)WL+1/2V(X7t)|2dX:|}

[ 4 2
/ { Lim [¢2mti4n/2 / |(—A)mv(x7t)|2dx]}:n%zm|_7
n (0%

t—o0

and

i |0 [ ug ) - v ] Pax] |

{
[ [ oo —vocolied
{

lim |¢2m+3+n/2 / |(—A)m+1v(x,t)|2dx”
]Rn

t—o0
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/ {lim {t?mﬂﬂ/?/n |(—A)"Lv(x,t)|2dx” _ Umtnt2)lmAn+d)

=00 (402

for all real constants m > 0.

Part 2: The primary decay estimates and the improved decay es-
timates with sharp rates for all order derivatives of the global weak
solutions of the n-dimensional incompressible Navier-Stokes equations.

Theorem 4.3. There hold the following primary decay estimates with sharp rates

sup {t2m+1+"/2/ |(—A)mu(x,t)|2dx} < o0,

t>T

for all order derivatives of the global weak solutions of (4.1-4.2).

Theorem 4.4. There hold the following improved decay estimates with sharp rates
t2m+1+"/2/ |(—A)™u(x, t)[2dx < A(a, d,,m,n) + Bla,d,e,m,n)t™ ",
t2m+1+"/2/ |(=A)™u(x,t)—v(x,t)]|*dx < C(a, 6,e,m,n) + D(a, 6,6, m,n)t ",

for all positive constants 0 < § < 4 and 0 < € < 1, for all order derivatives of the
global weak solutions of (4.1-4.2), and for all sufficiently large t.
In Theorem 4.4, the positive constants are given explicitly by

A
B(a,d,e,m,n) = 14Cy(m,n)S(«, 6,&,n)

{E4 m+ (n— 2+ 6)/4) + [(;{2”21(0)1(77”@—2%)/4)},
C =C(o,0,e,m,n) = SI(m)ﬁigljzm7
D =D(a,d,e,m,n)
j2

:6400(m,n)8(a,5,5,n){ I(O)I(m+(n—2+(5)/4)},

[n(n +2)]?

where

n

-y {/ e |dx}2,

=1j=

ii{/ / i (%, 1) |dxdt} :

=1 j=1

_ {/Ooo / u(x,t)gdxdt} ,

n o n 2
Balm) = Jim 33> [tm“+"/2 / 1(=0) " (x, t>|dx} :



Exact Limits and Improved Decay Estimates 879

_ 1 Am+2 _ 2
T(m) = s [ 101" exp(=2alaf)dn
n n n n n 2
7SS ey St [Sa] o]
i=1 j=1 i=1 j=1 i=1
_ 1 [1 — exp(—ae|n*)]?
S(a,d,e,n) = (271_)”/ peImTES; dn.

These explicit representations of the constants A(m), B(m), C(m), D(m) make

it possible to directly or indirectly influence the accuracy and stability of numerical
schemes in scientific computations for the n-dimensional incompressible Navier-
Stokes equations.
Proof. The main ideas and the main steps are almost the same as those for the
n-dimensional incompressible magnetohydrodynamics equations. There are some
minor differences (it is simpler) in the details. Let us provide the estimates in the
comprehensive analysis. There hold the following estimates.

(1)

t2m+1+n/2/ |(—A)mu(x,t)|2dx

7 / 4 2 -
< [n[*™*+2 exp(—2aly|*)dn
(2’/’(’)” R Z

NE

) { | 166 |dx}2

7 n
+ W/R n|*"+2 exp(—2ae(n|? anZ{/ / |;(x, 1) dxdt}

i=1 j=1

14 Am—+2 * 2
+ — 9] exp(—2ae|n|*)dn u(x, t)2dxdt
(2m)" Jgn 0

7Co { / [ exp(—asp) |
Rn

(2mt)" o[+

.

n n

ZZ sup |: m+(3n+2+4)/4
o (-e)isr<i

1400 {/ [1 — exp(—as|n|?)] d77

a2|n|n+5

"
{ sup 1*"/2 / lu(x, T)|2dx} }
(1- a)t<T<t n

sup 2m+n+6/2 / ‘(_A)m+(n—2+5)/4u(x’ T)|2dXi| } )

1- 5)t<'r<t

2
m+(n 2+6)/4w (X T)|dxi|

|
}Rn

s [ a)fut ) - vix o)

Rn
8 > ?
< o [ epi-2acian{ [ [ oo paxa)
(27) R™ 0 Rn
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L _8GCo / (1~ exp(—acp)P* |
(2mt)™ n a?|n|nto
: { sup [TH”/Z/ lu(x, T)|2dx] }
(1—e)t<r<t n

. { sup [T2m+n+5/2/ |(A)m+(n2+6)/4u(x77_)|2dx:| } )

(1—-e)t<r<t

These estimates are true for all positive constants 0 < J <4 and 0 < e < 1.
The other details of the proof are skipped. O

Summary

Consider the n-dimensional incompressible Navier-Stokes equations. Suppose
that the initial function and the external force are divergence free and satisfy the
following conditions

uy € CY(R™) N L' (R™) N L*(R™),
f e C®R" x RY) N L'R" x RT)n LY(RT, L*(R")).

Suppose that there exist real scalar smooth functions
¢i; € C2(R™)NLYR™), oy € C°(R™ x RT) N L' (R™ x RY),
such that
no 2
;;M@j(x) =0, szd)w(xaﬂ =0,

and

j=1 j=1 Jj=1 J
f(X7 t) = Z aixjwlj (X7 t)) Z a 1/)27 (X7 t)a ) Z T%wn] <X7 t) 3
Jj=1 j=1 j=1

for all (x,t) € R" x R*.
Then there hold the following exact limits

tljf& {t2m+1+n/2 /n |(—A)mu(x7t)|2dx} _ mz(m)'j7
i {2t [0 a0 - vix f)Pdx} = Tk,

for all real constants m > 0.
In these limits,

1
2r)"

I(m) = / 772 exp(~2afn[?)dn,
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DD S R o ) ol B
i=1 i

i=1 j=1 i=1 j=1 i=1
n n n 2
K=n 2 — i
= Pij Pii| >
i=1j=1 i=1

where
oo

aij = | ¢ij(x)dx + / Pij(x, t)dxdt,
R" 0 R™

Aij :/ ¢ij(X)dX+/ %‘j(xyt)dxdt—/ / wi (%, t)uj(x, t)dxdt,
R™ 0 R 0 n

Pij :/ / wi(x, t)u;(x, t)dxdt,
0 n

foralli=1,2,3,--- ,nand j=1,2,3,--- ,n.
Additionally, there hold the following primary decay estimates with sharp rates

sup {t2m+1+"/2/ |(A)mu(x,t)|2dx} < 00,

t>T

sup {t2m+1+"/2/ [(=2)"u(x, t)|2dx} < o0,

t>T

for all real constants m > 0, where T is a sufficiently large positive constant.
Furthermore, there hold the following improved decay estimates with sharp rates
for all order derivatives of the global weak solutions

t2m+1+”/2/ (=)™ u(x, t)[2dx < A(a, d,e,m,n) + B(a,d,e,m,n)t™",
t2m+1+n/2/ [(=A)"[u(x,t) —v(x,t)]|*dx < C(a, §,e,m,n) + D(a, d,e,m,n)t ™",

for all m > 0 and for all sufficiently large ¢.

Remarks and Open Problems

Remark 4.1. The exact limits depend on the integrals of ¢;;, the integrals of 1);;
and the integrals of the nonlinear functions u;u;. However, they are independent of

(1) the integrals of any order derivatives of the functions ¢;;,
(2) the integrals of any order derivatives of the functions t;;,

(3) the integrals of any order derivatives of the functions u;u;,
foralli=1,2,3,--- ,nand j =1,2,3,--- ,n.

Remark 4.2. The exact limits are increasing functions of the order m of deriva-
tives. The exact limits are decreasing functions of the diffusion coefficient a.
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Remark 4.3. The exact limits for the n-dimensional incompressible Navier-Stokes
equations reduce to the exact limits of the global smooth solution of the correspond-
ing linear equation, if the nonlinear functions are dropped.

Remark 4.4. The primary decay estimates with sharp rates for all order derivatives
of the global weak solutions of the incompressible Navier-Stokes equations are true
for all time, if there exists a global smooth solution; the primary decay estimates
are true for all sufficiently large time, if there exists a global weak solution.

Remark 4.5. For the n-dimensional incompressible Navier-Stokes equations, recall
that there holds the elementary decay estimate with a sharp rate

sup {(1 +t)1+”/2/ lu(x, t)|2dx} < 0.
>0 n

Therefore, there exist the following integrals

/ / wi(x, t)uj(x, t)dxdt < oo,
0 n

foralli=1,2,3,--- ,nand j =1,2,3,--- ,n.

Open Problem 4.1 Consider the n-dimensional incompressible Navier-Stokes equa-
tions again. Are the following estimates

lim {t2m+1+"/2/ I(—A)mu(x,t)Ide}

t—o0

< lim {t27n+1+”/2/ |(—A)mv(x7t)2dx}

T t—oo

true, for all real constants m > 07
Alternatively, are the following estimates

lim {t2m+1+"/2/ |(—A)mu(x,t)|2dx}

t—o0

> lim {t2m+1+"/2/ |(A)mv(x,t)2dx}

t—o00
true, for all real constants m > 07

Open Problem 4.2 Consider the Navier-Stokes equations again. The following
problem is motivated by the first open problem. Are the following estimates

t2m+1+n/2/ |(7A)mu(x7 t)|2dX < t2m+1+n/2 / ‘(7A)mV(X, t)|2dx
true, for all real constants m > 0 and for all t > 07
Alternatively, are the following estimates

t2m+1+n/2/ |(—A)mu(x7 t)lde > t2m+1+n/2 / ‘(—A)mV(X7 t)|2dX
true, for all real constants m > 0 and for all ¢t > 07
These are important open problems closely related to the existence of the global
smooth solution of the n-dimensional incompressible Navier-Stokes equations.
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5. The two-dimensional incompressible dissipative
quasi-geostrophic equation

The Mathematical Model Equations and Known Related Results

Consider the Cauchy problem for the two-dimensional incompressible dissipative
quasi-geostrophic equation

%u—i—a(—&)pu+J(u,(—A)_1/2u) = f(x,t), (5.1)
u(x,0) = ug(x). (5.2)

In this problem, o > 0 and p > 0 are positive constants, x = (z,y), u = u(x,t)
represents the temperature of the fluid, (—A)~/2u is called the stream function.
The Jacobian determinant is defined by

g 0

J(u, (—0)7H2u) & 2y

lef O ay-1y2, 90 Ay—1/2
5 ay( A) u u—(=A) u.

The model equation is called subcritical if p > 1/2, critical if p = 1/2, and super-
critical if p < 1/2.

The linear operators

0

Ox

(—A)~1/2 and 63(—&)_1/2
Y

represent the standard Riesz transformations in R%2. The vector field

_ 0 (_ —-1/2
A
F:R?5R2,  F(xt) % 0y (~8)

+ 2 (=) 2y

ox

represents the velocity of the fluid, for each fixed time ¢ > 0. The fluid is incom-
pressible because V -F = 0. The model is the dimensionally correct analogue of the
three-dimensional incompressible Navier-Stokes equations, if p = 1/2. It is derived
from a general quasi-geostrophic equation in the special case of constant potential
vorticity and buoyancy frequency. It is a model in geophysical fluid dynamics, it
may arise in meteorology and oceanography. Therefore, it is of great interest in
applied mathematics. In particular, the critical dissipative quasi-geostrophic equa-
tion is a very important model for the investigation of the existence of the global
smooth solution of the three-dimensional incompressible Navier-Stokes equations.
Also consider the Cauchy problem for the corresponding linear equation

0 Py —
Sotal(=D)u = f(x,1) (5.3)
v(x,t) = up(x). (5.4)

Here up = wup(x) represents the initial function and f = f(x,t) represents the
external force. Note that the initial functions for the nonlinear problem and the
linear problem are the same, the external forces for both problems are the same as
well. There exists a unique global smooth solution to the Cauchy problem for the
linear equation, under appropriate conditions on ug and f.
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It is well known that there exists a global smooth solution
u € C°(R? x RT),
if 1/2 < p < 1 and if the initial function and the external force satisfy the conditions
ug € C1(R?) N H?™(R?),
feC®(R* x RT)n LY (RY, L3(R?)) N L*(R*, H*™(R?)).
There exists a global weak solution
we LR, L2(R?),  (=A)%ue LA(RY, L*(R?)).

if 0 < p < 1/2 and if the initial function and the external force satisfy the following
conditions

ugp € L*(R?), f € LY(RT, L*(R?)).

Moreover, there holds the following elementary uniform energy estimate for the
global weak solutions

¢ 1/2
{ |u(x,t)\2dx+2a/ [(=A)P Pu(x, T)|2dXdT}
R2 o Jr?
1/2

{/ |u0(X)|2dX}1/2 [T Lrocnrax

Additionally, the global weak solutions become small enough and sufficiently smooth
after a long time. That is, there exists a sufficiently large positive constant T, such
that

sup{ (=) u(x, t)|2dx} < o0,
t>T | JRr2

for all positive constants m > 0. Furthermore, there holds the following elementary
decay estimate with a sharp rate

sup {tl/”/ |u(x, t)|2dx} < 00.
>0 R2

The Main Purposes

For the two-dimensional incompressible dissipative quasi-geostrophic equation,
we will consider two cases for the initial function and the external force.
Case 1: Let the initial function and the external force satisfy the conditions

up € CH(R?) N LY (R?) N L*(R?),
feC®R? xR NLYR? x RT) N LY (RT, L?(R?)),

such that

/ up(x)dx + /00 f(x, t)dxdt # 0.
R2 0o Jre
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Case 2: Let the initial function and the external force satisfy the conditions

ug € CH(R?) N LY (R?) N L*(R?),
f€C®R? xRY)N LYR?* x RT) N LY(RT, L*(R?)).

Suppose that there exist real scalar smooth functions

¢1 € C*(R*) N L' (R?), ¢ € C®(R? x RY) N LY (R? x R™T),
$2 € C*H(R?) N LY (R?), 1 € C®(R? x RY) N LY(R? x RT),

such that
0 0 0 0
UO(X) = aixqsl(x) + %¢2(X)7 f(X,t) = 8?1?1(7(»75) + @wQ(Xa t))

for all (x,t) € R? x RT.

For Case 1, we will accomplish the following exact limits

lim {t(2m+1>/p

t—o0

lim {t(2m+2)/p

t—o0

(—A)mu(x, t>|2dx} ,

|
R2

(=)™ fux, 1) — v(x, t)]IQdX} |

|
R2

For Case 2, we will accomplish the exact limits

t—o0

lim {t(2m+2)/” (=)™ u(x, t)|2dx},

|
R2
lim {t(2m+2)/p

t—o0

(=) u(x,t) — v(x, t)]|2dx} .

|
R2

Moreover, we will establish the following primary decay estimates with sharp
rates
sup {t(27n+1)/p

[(=A)™u(x, t)|2dx} < o0,
R2

t>T

for Case 1, and
sup {t(QmH)/” [(—2) " u(x, t)|2dx} < 00,
t>T R2

for Case 2, for all positive constants m > 0, where T is a sufficiently large positive
constant.

Furthermore, we will accomplish the following improved decay estimates with
sharp rates for all order derivatives of the global weak solutions:

t(2m+1)/p (_A)mu<x’ t)|2dx

|
R2
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< Al (Oz, 57 &P m) + Bl (Oé, 57 &P m)t7(272p)/p,

(B [ |(—0) " u(x, ) — v(x, )] Pdx
R2

< Ci(a, d,e,p,m) + D1(a, 0, ¢, p, m)t_(2_2”)/p,

for Case 1, and

t(?m—‘r?)/ﬁ |(_A)mu(x’ t)|2dX
R2
< As(a, 8, ¢, p,m) + Ba(a, 8, e, p,m)t~(4=20)/7,
1(2m+2)/p (=)™ [u(x, t) — v(x, t)”QdX

|
R2
S C2(a, 67 &, P, m) + DQ(av 57 &, P, m)t—(4—2p)/p’

for Case 2. These estimates are true for all positive constants 0 < § < 2p and
0 <e <1, for all m > 0 and for all sufficiently large ¢, where the positive constants

Ay = Ak(aa&g,pam), By, = Bk(a,&&/’;m)
Cr = Cr(«,d,e,p,m), Dy = Di(a,d,e,p,m)

will be specified shortly, for k£ = 1, 2.

The Main Difficulties

The most difficult technical problems in the mathematical analysis are the control
of the following integrals

2

t 2
T ~
Lol [ e [=apura = D] [ md(e 0.0 ar) d,
R2 (1—e)t t
2
t
m T NN (4

Lol [ e [=alufr - D] e/CORa)e/Co rydr|
R2 (1—e)t t

for all real constants m > 0, where NV'(u) = J(u, (—A)~/?u).
We are able to use a few novel ideas to establish the optimal estimates for these
integrals. In particular, we are able to use the following singular integral

L[ oo,
GrP Jez  aZPP

and the primary decay estimates with sharp rates to obtain the best possible esti-
mates for these integrals.

First of all, we will apply iteration technique to get the primary decay estimates
with sharp sates for all order derivatives of the global weak solutions. Secondly, we
will couple together various ideas, methods and techniques to accomplish the exact
limits and the improved decay estimates with sharp rates for all order derivatives
of the global weak solutions.

The Mathematical Assumptions
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We make the following mathematical assumptions for the two-dimensional incom-
pressible dissipative quasi-geostrophic equation. Let a > 0,0 < §d <2p, 0 <e <1
and 0 < p < 1 be positive constants. Let m > 0 be a real constant.

(A1) Suppose that the initial function ug and the external force f satisfy the
following assumptions

up € CH(R?*) N L' (R?) N L*(R?),
feC™®R* xR NLYR?* x RT)n LY(RT, L*(R?)),

such that
/ up(x)dx + / f(x,t)dxdt # 0.
R2 o Jr2

Suppose that there exists the following limit

2
tlgrolo {t(m-‘rl)/ﬂ/ (=)™ f(x t)dX} ,

for all real constants m > 0.
Here is a slightly weaker condition than the above condition

2
sup {t(m+1)/p/ [(=A)™f(x t)|dx} < o0,
>0

for all real constants m > 0.
(A2) Suppose that the initial function and the external force satisfy the follow-
ing conditions

up € CH(R?*) N LY (R?) N L*(R?),
feC™®R* xRY)NLYR? x RT) N LY(RT, L*(R?)).
Suppose that there exist real scalar smooth functions
$1 € C3(R?*) N LY (R?), 1 € C=(R? x RY) N L} (R? x RT),
$2 € C?(R*) N LY(R?), 9o € C®(R* x RY) N LY(R? x RT),
such that

W) = 20100 + 5 a(x), FOt) = 5L (6t) + 3 valx.)

i

for all (x,t) € R? x RT.
(A3) Suppose that there exist the following limits

2

for all real constants m > 0.
Here are some slightly weaker conditions than the above condition:

2
sup{ [t(m+2)/p/ [(—2) ™ (x t)|dx} } < 00,
>0



888 L. Zhang

for all real constants m > 0.
(A4) Suppose that there exists a unique global smooth solution

u € C™(R* x RT),

if 1/2 < p <1, and if the initial function and the external force satisfy

ug € CH(R?) N H*™(R?),

f € C®R? xRY)N LYRY, L*(R?)) N L*(RT, H*™(R?)).
Suppose that there exists a global weak solution

ue LR, LA(R?),  (-A)%ue LA(RT, LA(R?)),
if 0 < p < 1/2, and if the initial function and the external force satisfy

up € L*(R?), f € LYRY, L*(R?)).

Suppose that there holds the following uniform energy estimate

t 1/2
{ lu(x,t)|?dx + 2a/ [(—A)P Pu(x, T)|2dxd7}
R2 0 JR2

1/2 [} 1/2
< { |u0(x)|2dx} +/ { |f(x,t)|2dx} dt.
R2 0 R2

(A5) Suppose that the global weak solutions become small enough and suffi-
ciently smooth after a long time. That is, there exists a sufficiently large positive
constant T, such that the global weak solutions of the Cauchy problem for the
two-dimensional incompressible dissipative quasi-geostrophic equation satisfy

sup{ (—A)mu<x,t>|2dx}<o07 [ [ am e e < oo
t>T R2 T R2

for all positive constants m > 0.
(A6) Suppose that there holds the following representation for the Fourier trans-
formation of the global weak solutions

-~

(&, t) = exp(—alg]*’t)uo(€) + /O exp[—alg]*(t — 7)1 f(€, T)dr
— | explaléfe (e — AT e
for all (&,t) € R? x RY, where N (u) = J(u, (—2)~?u).

(A7) Suppose that there holds the following elementary decay estimate with a
sharp rate

sup {tl/p/ lu(x, t)|2dx} < o0.
t>0 R?

For the existence of the global smooth solution, the existence of the global
weak solution and the elementary decay estimate of the global weak solutions, see
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Constantin, Cordoba and Wu [6], Constantin, Iyer and Wu [7], Constantin and
Wu [8], Dabkowski [9], Dong [10], Dong and Pavlovic [11], Ferreira, Niche and
Planas [14], Ju [18]-[19], Kiselev, Nazarov and Volberg [21], Maria E. Schonbek and
Tomas P. Schonbek [36]. The assumptions (A1), (A2), (A3), (A4), (A5), (A6) and
(AT) are made based on these results.

Suppose that the initial function, the external force and the global weak solutions
satisfy the conditions (A1)-(A7), dropping either condition (Al) or (A2). To make
the statements of the main results simple and clear, let us define the following
notations

1
(27)2 /2 ‘77|4m+2 exp(—2a|17\2”)dn
R

J = {/R2 uo(x)dx + /0Oo . f(x,t)dxdt}Q,
To = Zij {/R 60 ()dx + /OOO /]R wk(x,t)dxdt}Q

+Ii{(27T / [RQp\ At2dAdt}2,
Sk [ aoppaa)

k=1

Z(m) =

??

The Main Results

There are two parts in the main results.

Part 1: The exact limits for all order derivatives of the global weak so-
lutions of the two-dimensional incompressible dissipative quasi-geostroph-
ic equation.

Theorem 5.1. There hold the following exact limits for all order derivatives of
the global weak solutions of the two-dimensional incompressible dissipative quasi-
geostrophic equation:

lim {t(2m+1)/” [(=A)™u(x, t)|2dx} =Z(m—-1/2),
R2

t—o0

im { ¢t2m+2)/p —N)"[u(x,t) — v(x,t)]]2dx :1 m
i {eme20r [ (-2 utxt) - o] Pax ) = 3TOm)K.

t—o0

for all constants m > 0, for Case 1; and

1
lim {t<2m+2)/p [(— L) ™u(x, t)|2dx} = 5Z(m) %,
R2

t—o0

t—o0

i {20 [ (-2 utet) - o] Pax ) = 3TOm)K.

for all constants m > 0, for Case 2.

Note that the decay rates are different in the two cases.
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Theorem 5.2. The ratio of the exact limits of the global weak solutions of the
nonlinear equation is the same as the ratio of the exact limits of the global smooth
solution of the linear problem. For Case 1, there hold the following results

{JH& el | (=0)" (¢ dx }
/ {tlif& +(2m+1) /p/ |(— u(x,t)2dx }
— {tlggo t(2m+2p+1)/p/ |(—A)™FPu(x,t)2dx }
i o [ rsore])
_(@2m+1)(2m+p+1)

(2ap)? ’

{tlirgo 2t(2m+4p+1)/,a/ |(7A)m+zpu(x,t)|2dx }

{tlggo (4o +1)/p / (- A)m+2”v(x,t)2dx}
/ {tgr& ¢(2m+1) /ﬂ/ [(—A)™u(x,t)|?dx }

Cm+1DC2m+p+1)2m+20+1)2m+3p+1)

(2ap)* ’

for all real constants m > 0.
For Case 2, there hold the following results

{lim 1(2m+2p+2)/p |( )mﬂ’u(x, t)|2dx }

t—o0

{lim ¢(2m+2) /P/ [(— u(x,t)| dx}}

t—o00

= { lim (2m+2p+2)/p/ |(—=A)™Py(x, t)|2dx-}
t—o0

/ { Jim [1(2m+2) /P/ [(—2)™o(x, t)| dx}}

C @m+2)2m+p+2)
a (2ap)? ’

lim t<2m+4ﬂ+2>/P |(—A)m+2pu(x,t)|2dx}

t—o0

tgrgo 2m+2 /p/ | X t)| dX:|}

lim t(2m+4p+2)/p |(_A)m+2pv(x,t)‘2dx }

t—o00

/

/

— — =~




Exact Limits and Improved Decay Estimates 891

/ {tll)m t(2m+2)/p |(—A)mv(x,t)|2dx}}
) R2

_ 2m+2)2m+p+2)2m+20+2)2m+3p+2)
(2ap)* ’

and

i |eemsaee e [ Ayl ) - ol 0P |
L R2

{
{am [ [ am i - oxolax| |

lim t(2m+2p+2)/p |( )m+pU<X) t)QdX] }

tlim t(2m+2)/p / [(— v(x t)QdX] }
—00

_@m+ 2)(2m + p+2)

(2ap)? ’

lim t(2m+4p+2)/p /
RZ

(=)0 [u(x, £) — v(x, t)]de] }

{

{aim |eemeove [ jm)mutx,0) - o6, 0)Pax] |
-{
{

lim t<2m+4ﬂ+2 /e 1= )m+2pv(x,t)|2dx”

Jim ety / (= A)™o(x, ) dx]}

(2m + 2)(2m+p+ 2)(2m+2p+2)(2m+3p+2)
Gap)? ’

for all real constants m > 0.

Part 2: The primary decay estimates and the improved decay esti-
mates with sharp rates for all order derivatives of the global weak solu-
tions of the two-dimensional incompressible dissipative quasi-geostrophic
equation.

Theorem 5.3. There hold the following primary decay estimates with sharp rates
for all order derivatives of the global weak solutions:

sup {t(2m+1)/” . [(=A)™u(x, t)|2dx} < o0,

t>T

for Case 1 and for all m > 0; and

sup {t(2m+2 /e |( AN u(x, t)|2dx} < o0,
t>T
for Case 2 and for all m > 0.

In the primary decay estimates with sharp rates, the decay rates for the two cases
are different, T is a sufficiently large positive constant.
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Theorem 5.4. There hold the following improved decay estimates with sharp rates
for all order derivatives of the global weak solutions:

¢(2m+1)/p |( A)™u(x, ) [2dx
< Ay(a, 8, p,m) + By(a, 8., p,m)t~2=20)/ 7,
e | (=0 [ulx,t) - v(x, ) Pdx
< 01(067(576,[), ) +D1(047(5,E,p,m)t7(2*2f’)/ﬂ
for Case 1; and
t@m+2)/p |( A)Mu(x,t)2dx
< As(a, 8, e, p,m) + Ba(av, 8,e, p,m)t~(4=20)/7,
e | (=0 [ulx,t) — v(x, ) Pdx
< Cz(a,d,s,p, m) + Da(a, 8,&, p,m)t—4=20)/p,

for Case 2. These estimates are true for all positive constants 0 < § < 2p and
0 < e <1, for all constants m > 0 and for all sufficiently large t.
In Theorem 5.4, for Case 1, the positive constants are given by

Ea>(f) E;(u) T-1/p

Ar = Ai(e,6,¢,p, m):5I(m_1/2){E1(u0)+€(2m—i-1)/p}+5I(m)€(2m+2)/p

Bl = Bl(a76a57p7m)

=5Co(m)S(a, d, ¢, p) {2E4(m—p+(1+5)/2)+4I(—1/2)I(m—,0+(1+5)/2)Jf},
E
C1 =Ci(a,6,e,p,m) = 2I(m)8(272%,

D1 =Di(a,d,¢, p,m) = 8Co(m)S(a, 6,¢,p) {Z(~1/2)L(m — p+ (1 +6)/2)T{} |

where
i) = { [ o)

B ={ [ [ x0axac

e} 2
{/ lu(x, t)|2dxdt} ,
0o Jr?

2
Ea(m) = lim {t“”*”/ﬂ |<—A>mf<x,t>|dx} 7

Es(u)

t—o0

T(m) = oz [, " esp(=2an)d

2
/ uo(x dx+/ flx t)dxdt} ,
R2 R2

2 2
= )d dxd
Z{ br(x X+/O g Yr(x, t)dx t}
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2
u/\t dAdt »
{ / / YRRl }

—ex ace|n|?r))?
D

O(2|T]|2+25
1 [1 — exp(—ae|n[*”))?
S(O[,(;,é‘,p) = (27_(_)2 \/]R2 a2|n|2+25 d77

For Case 2, the positive constants are given by

Ao =57(m) {Fa(uo) + PLE 0

By = 5Co(m)S(a,6,e,p) {2Fa(m+1—p+6/2) + Z(0)Z(m+1—p+6/2)T5 },

_ Fs3(u)
Co =2Z(m) EETESyPE

D, =2Co(m)S(ev, 8,6, p) {Z(0)Z(m+1—p+ 5/2)..722} )

[ owiax} [ oo}
wun) = { [ [ oot +{ [ [ e}
ro = { [ [ opaxar
Fy(m) = Jim {[@m*”/ﬂ L1 mwlxﬂdxr}
+ Jim { [ S CNLAE t>|dx]2},

T - - 4m+2 -9 2p d
(m) = Gz [, 0147 expl2aln*)dn,

_ _ 2p\12
S(a,6,2,0) = = / (1= expl-aeiy?)] dn,
]RZ

where

(27(')2 a2|,’7‘2+25
1 [1 — exp(—ae|n|?")]?

Proof. The main ideas and the main steps are almost the same as those for the n-
dimensional incompressible magnetohydrodynamics equations. Let us just provide
the estimates in the comprehensive analysis.

Lemma 5.1. There hold the following estimates for Case 1.

(1)

t(2m+1)/p |(_A)’”u(x, t)|2dX
2

< # /RQ |n|*™ exp(—2aln|*)dn {/RQ uo(X)IdX}2
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2 € / |n]*™ exp(—2ae|n|?*) dn{/ / |f(x,t) |dxdt}
)
1/
+ —— 5 / |74 T2 exp(—2ae|n|*”) dn{/ / |u(x, t) 2dxdt}

500 (g_gp)/p{/ [1—GXP(_CYE|77‘2p)] dﬂ}
R2

" e a2
2
sup |:7_(2m+3+6—2p /(2p) ‘( )m_p+(1+5)/2f(x,7)|dx]
(1—e)t<r<t
n 5Co —(3=20)/p / [1_GXP(_CV5|77‘2’))] dn
(2m)? R2 a?[n[>+20

: { sup {7’1/” |u(x, 7')|2dx] }
(1—e)t<r<t R2

. { sup {T(2m+3+6_2’))/” |(—A)m+1_”+6/2u(x,7')2dx] } ,
R2

(1—e)t<r<t
(2)

emle [ (=) uet) = o, )ax

e [ s en2acuian{ [ [ o paxa
7T

2
+ 200 t(2—2p)/p {/ [1_eXP(_a5|n‘ P)] dn}
R2

(2r)? a2y

: { sup {7’1/” |u(x, 7')|2dx} }
(1—e)t<r<t R2

. sup {T(Qm“’”_%)/”/ |(—A)m+1_”+6/2u(x77)2dx] )
(1—e)t<r<t R2

These estimates are true for all positive constants 0 < § < 2p and 0 < € < 1, for
all constants m > 0 and for all sufficiently large t.

Lemma 5.2. There hold the following estimates for Case 2.

tEma)/e I( A)™u(x, t)[Pdx

<o) 2|n|4m+2exp< 2aly|) dn{i [ tont |dx]2}

k

eXp(—2a5|77|2p )dn / / [t (%, 1) |dth:| }
2 / |n]*™T2 exp(—2ae|n|*") dn{/ / lu(x,t)| dxdt}
)

2
4 5Co , (4_2p>/p{/ [1 — exp(—ae|n|*")]? dn}
]R2

l\D»—t

(2n)? a?[n|>2
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T(2m+6+572p)/(2p)

2 2
. {Z . S;E y (_A)m+1fp+5/2wk(x’ T)|dX:| }
k=1 1TENSTS

4 €0 420/ / [1—e><10(—0z6|n\2”)]2d77
(2m)? R a?|n|>+29

: { sup {7'2/” |u(x, 7')|2dx} }
(1—e)t<r<t R2

sup |:7_(2m+4+6—2p)/p
(1—e)t<r<t

|
R2

I(—A)m“_”“/%(XJ)QdX] } 7
R2

(2)

em sl [ j=a)mfut.t) = (.0 ax

2
2 oo
< = 4mt2 exp(—2aln|*)d // t)|*dxdt
o [ i es-aland [ [ juenfax

4 2C0 a-20)/p / [1 — exp(—acln)?
(2m)?2 R2 a?2|n|2+20

. { sup {7'2/9 |u(x, 7')|2dx} }
(1—e)t<r<t R?

X sup |:7_(2m+4+6—2p)/p/ |(—A)’”+1_”+6/2u(x77)QdX] )
(1—e)t<r<t R2

These estimates are true for all positive constants 0 < § < 2p and 0 < e < 1, for
all constants m > 0 and for all sufficiently large t.

The other details in the proof are omitted. O]

Summary

Consider the two-dimensional incompressible dissipative quasi-geostrophic equation.
Suppose that the initial function and the external force satisfy the conditions

ug € C1(R?) N LY (R?) N L*(R?),
feC™®R* xRN LYR? x RT) N LY(RT, L*(R?)).

Suppose that there exist real scalar smooth functions*

$1 € C3(R*) N L (R?), 1 € C*(R? x RY) N L}(R? x RT),
$2 € CEH(R?*) N LY (R?), 1 € C®(R? x RY) N LY (R? x R™T),

such that

W) = 0100 + 5 620, 00t = 5L () + 5 da(x.0)

*For simplicity, we highlight the results of Case 2 but skip the results of Case 1.
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Note that

/Rz UO(X)dX+/OOO . f(x, t)dxdt = 0.

Remarks and Open Problems

Remark 5.1. The exact limits depend on the integrals of ¢1,; and ¢g;;, the inte-
grals of ¢1;; and 19;;, and the integrals of the nonlinear function u?. However, they
are independent of

(1) the integrals of any order derivatives of the functions ¢1,; and @15,
(2) the integrals of any order derivatives of the functions 1;; and 15,

(3) the integrals of any order derivatives of the function u?.

Remark 5.2. The exact limits are increasing functions of the order m of deriva-
tives. The exact limits are decreasing functions of the diffusion coefficient «.

Remark 5.3. The exact limits for the two-dimensional dissipative quasi-geostrophic
equation reduce to the exact limits of the global smooth solutions of the correspond-
ing linear equation, if the nonlinear function is dropped.

Remark 5.4. The primary decay estimates with sharp rates for all order derivatives
of the global weak solutions of the dissipative quasi-geostrophic equation are true
for all time, if there exists a global smooth solution; the decay estimates are true
for all sufficiently large time, if there exists a global weak solution.

Remark 5.5. For the two-dimensional incompressible dissipative quasi-geostrophic
equation, recall that 0 < p < 1 and there holds the elementary decay estimate

up {14077 [ Jux.oPax} < .

t>0

Therefore, there exist the following integrals

o0
/ /|u(x7t)|2dxdt<oo,
RQ
G\, )[2dAdE < oo,
L L |A|‘ I
A\, B)[2dAdE < oo,
[ [ moor

Open problem: For the following slightly more general equation

9 , oy
St (=8 ut J(u, (=0)77u) = f(x1),

(Xv 0) = Uo (X)7

where 0 < 0 < 1 and 0 < p < 1 are positive constants, can we use the same ideas
and methods in this paper to obtain very similar results?
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6. Conclusion and remarks

6.1. Summary

Consider the n-dimensional incompressible magnetohydrodynamics equations, the
n-dimensional incompressible Navier-Stokes equations and the two-dimensional in-
compressible dissipative quasi-geostrophic equation. For each of these equations, if
the initial function and the external force are small, or if the spatial dimension is
low, or if the order p of the dissipation (—A)? is high, then there exists a unique
global smooth solution u € C*°(R™ x RT). Otherwise, there exists a global weak
solution, under simple assumptions on the initial functions and the external forces.
It is well known that after a long time, the global weak solutions become small
enough and sufficiently smooth, even though the initial function and the external
force may be large. The elementary decay estimates with sharp rates for the global
weak solutions have been established by coupling together basic uniform energy
estimates and the Fourier splitting method.

By coupling together the existence of the global weak solutions on (0,00), the
existence of the local smooth solution on (T, 00), the elementary decay estimates
with sharp rates for all ¢ > 0, and classical ideas (such as the Parseval’s identity,
a few simple properties of the Fourier transformation, some change of variables,
the representations of the Fourier transformations of the global weak solutions, the
time interval decomposition [0,¢] = [0, (1 —&)¢] U [(1 — €)t, t], we have accomplished
the exact limits for all order derivatives of the global weak solutions of the incom-
pressible fluid dynamics equations. We have also established the improved decay
estimates with sharp rates for all order derivatives of the global weak solutions.

6.2. Remarks

Remark 6.1. The primary decay estimates with sharp rates for all integer order
derivatives of the global weak solutions of the Navier-Stokes equations have been
established before. Even though the ideas and methods in the mathematical analysis
of this paper are elementary, the conditions on the initial functions and the external
forces are weaker, and the results are true for all order derivatives, including all
fractional order derivatives. Therefore, the results obtained here are stronger than
before.

Remark 6.2. The existence of the global weak solutions, which are also local
smooth solutions on (T, 00), and the elementary decay estimates with sharp rates
for many similar incompressible fluid dynamics equations have been established
before. By using the ideas and methods developed in this paper, we can accomplish
the exact limits for all order derivatives of the global weak solutions.

6.3. Open Problems

Open Problem 6.1 Consider the nonlinear Korteweg-de Vries-Burgers equation

0 0 03 8? 0
&U + %U + %u - OZ@U + %fb(u) = f(z,1),
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the nonlinear Benjamin-Bona-Mahony-Burgers equation

0 0 o3 02 0
2% 9t T amzart Yozt t ap W = f@.h),

u(z,0) = uo(x),
the Benjamin-Ono-Burgers equation

0 0 02 02 0

u(z,0) = ugp(z),

the two-dimensional nonlinear singular system of differential equations arising from
geostrophics

9
ot
%[W%% — 1) = Diho] + a(=A) 92 + ﬂ%¢2+J(¢2775(¢2 — 1) = Dp2) = fa(x,y,t),
Y1(2,y,0) = o1 (z,y), Y2(2,y,0) = Yo2(,y),

and the n-dimensional Landau-Lifschitz system of differential equations with a
Gilbert damping

[Y(¥1 — t2) — D] + a(=L) 21 + 5%% + (1,71 —ab2) — Aipr) = fi(z,y, 1),

%Z =a(Z x AZ) + B]Z x (Z x NZ)),

Z(x,0) = Zo(x).

In these equations, a > 0, 8 > 0, v > 0, 0 > 0 and p > 0 are positive constants.
The function ¢ = ¢(u) satisfies the following conditions

|p(u)] < C(lul* + |uf),

for some positive constant C' > 0 and for all u € R. H represents the Hilbert
operator, which is defined by

Ho(x) = 1 Principal Value / Mdy,
m RT Y
for all ¢ € L?(R). The Jacobian determinants are defined by
o 0
J(1, (1 — 2) — Aipy) = aixwlaithl — 1h2) — D]
o, 0
- a*ylblath(lﬂl —12) — D],
J(2,70(2 — 1) — Dipo) = %%%[WS(% — 1) — D]
o, 0
- a—ywza—zhé(wz — 1) — Ao,

for all functions 1,19 € C3(R?). The notation X x Y represents the usual cross
product of real vectors X € R? and Y € R3. Z = Z(x,t) € R? represents a real
vector valued function of (x,t).
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The existence of a global smooth solution or a global weak solution is well known
for each Cauchy problem, under certain reasonable conditions. Moreover, there hold
some elementary uniform energy estimates. The global weak solution is also a local
smooth solution on some unbounded interval (T, 00), where T is a sufficiently large
positive constant.

Can we establish the elementary decay estimate with a sharp rate for the global
smooth solution (or the global weak solution) of each equation?

Can we accomplish the exact limits for all order derivatives of the global weak
solutions of the above equations, if there holds an elementary decay estimate with
a sharp rate? These are very interesting open problems in applied mathematics.
The decay estimates with sharp rates and the exact limits for all order derivatives
of the global weak solutions to the Landau-Lifschitz system of equations have been
open for a long time.

Open Problem 6.2 Can we make use of the exact limits to accomplish improved
decay estimates with sharp rates for all order derivatives of the global weak solu-
tions? The key point is that we may use the improved decay estimates with sharp
rates for all order derivatives to directly or indirectly influence the stability and
accuracy of important schemes in numerical simulations.

Open Problem 6.3 Consider the incompressible magnetohydrodynamics Rayl-
eigh-Benard equations

0 1

priie ﬁAu—i— (u-Viu—(A-V)A+ VP =¢e,T +£(x,1),
0 1

%T —a3AT + (u-V)T = h(x,t),

V-u=0 V-f=0 V-A=0 V.-g=0,

u(x,0) = up(x), A(x,0) = Ap(x), T(x,0) = To(x),

V'UOZO, VA():O
In this system, ug = ug(x), Ag = Ag(x) and Ty = Tp(x) represent initial functions,
f=1(x,%), g = g(x,t) and h = h(x,t) represent external forces. Moreover, RE > 0,
RM > 0 and a3 > 0 are positive constants, and e,, = (0,0,---,0,1) is a unit vector

(the last component is equal to one and all other components are zero).
The elementary uniform energy estimate

sup/ \u(x,t)\zdx+sup/ \A(x,t)|2dx+sup/ |T(x,t)]2dx < oo,
>0 Jrn >0 Jrn >0 JRrn

and
/ / |Vu(x,t)\2dxdt+/ / IVA(x, t)|2dxdt+/ / |VT(x,t)|?dxdt < oo,
O n 0 n O n

have been open.
The following elementary decay estimates

sup {tH”/Q/ |u(x,t)|2dx} < 00,

t>0

sup {t1+n/2/ |A(x, t)|2dx} < o0,

t>0
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sup {t1+”/2/ |T (%, t)|2dx} < o0,
>0 n

have been open.

6.4. A technical lemma

There exists a positive constant C' = C(m, n) > 0, such that

{Z I |<—A>m[¢i<x>¢i<x>ndx}2
= {Z/ 616 'dX}{Z/ £Y"i >2dx}
C(m,n {Z/ A)"i(x 2dx} {Z/ e 2dx}

for all real vector valued functions (g1, g2, @3, -+ , ¢n) € H*™(R™) and (1, 1o, V3, - -,
) € H*™(RM).
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